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ABSTRACT 
Structural color caused by the interaction of light with nanoscale periodic struc-
ture, so-called photonic crystals, has attracted considered attention in a variety of 
research areas. Structural color is usually iridescent and metallic; moreover, it is 
brighter, more deeply saturated, free from photobleaching, and longer lasting, 
unlike traditional pigments or dyes. In the biological world, the colorful feathers 
of many birds (i.e. peacock), the wings of various butterflies and the elytra of 
many beetles are good examples of structural color. During the last two decades, 
many efforts have been devoted to mimicking natural structural color. However, 
the structural color produced by nature is much richer and more effective than we 
can produce so far. In this thesis, we focused to study some unique optical proper-
ties of natural structural color and invent new and effective methods to mimic 
structural color.  
The structural origin of the coloration mechanisms and related extraordinary 
optical properties of the wing scales of two breeds of Papilio butterflies, namely 
Papilio Ullysess and Papilio Blumei, are explored. The precise ordered bio-
photonic nanostructures of the wing scales are characterized by scanning electron 
microscopy (SEM). Despite their structural similarities, the two breeds of Papilio 
butterflies do not exhibit any analogy in their optical performances. When illumi-
nated with UV-Vis light, P.Ullysess gives rise to two reflection peaks, one is from 
concavities and the other is from ridges. These two spectral peaks shift their 
positions under different illumination angles (normal and 45
o
 incident light). In 
contrast, the spectra for the green scales of P.Blumei give one broad reflection 
peak, and the peak keeps the same under normal and 45
o 
incident light. The 
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optical microscopy images indicate that the cap shaped concavities on P.Blumei’s 
wing scales generate an abnormal bi-color reflection with strong polarization 
effect. Both of these two breeds of butterflies take advantage of colors mixing 
strategy: the blue color of P.Ullysess is mixed by the colors reflected from con-
cavities and ridges; the green color of P.Blumei is produced by the biocolor 
reflection from concavities. The differences of their coloration mixing mecha-
nisms and optical performances are due to the variations of their nanostructures. 
The investigation of the bi-structural-color mechanisms of these biologically 
photonic nanostructures may offer a convenient way for fabricating optical 
devices based on biomimicry. Besides of vivid structural color, ultra-black scales 
also appear in the butterfly wings. It is found that the complex nano-structures of 
the black wing scales assist its light absorption.  
The bi-structural-color reflection may serves as mating and communicating 
signal in butterfly kingdom. Evidently, the construction of an effective and simple 
way to produce bi-structural-color reflection covering UV, visible and infrared 
ranges simultaneously may point to a new direction in multi-functional photonic 
materials engineering. Although the mimicking of bi-structural-color reflection 
has been reported, the fabrication was involved with a process of combined layer 
deposition techniques, which is complicated and less flexible. In this thesis, we 
report on the mimicking of bi-structural-color based on silk fibroin using a simple 
and inexpensive self-assembly method. Silk fibroin photonic crystals with inverse 
opal structure are fabricated through a colloidal crystal templating method. By 
taking advantage of the two photonic band gaps of the inverse opal structure, silk 
fibroin inverse opals with different spectral positions of bi-structural-color reflec-
tion (i.e. ultraviolet and visible peaks, ultraviolet and near infrared peaks, and 
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visible and near infrared peaks) are obtained by simply controlling their lattice 
constants. We also invent a new technology to construct photonic crystals on the 
surface of silk fabrics to demonstrate the potential applications of structural color 
in eco-dyeing and multi-functional silk fabrics.  
The two reflection peaks of silk fibroin inverse opals are tuned by changing the 
lattice constants, however, for a ready-made inverse opal, tuning the reflection 
peaks is an issue. The in-line and continuous tuning of the peak positions of bi-
structural-color reflection of a ready-made inverse opal is achieved by the humidi-
ty induced cyclic contraction of silk fibroin.  
The understanding of structural origin of natural bi-structural-color reflection 
has broad biological implications, and the mimicking of bi-structural-reflection 
using silk fibroin would have potential applications in bio-coating materials, bio-
medical and cosmetic applications. Especially, the humidity responsive silk 
photonic crystal may find great opportunities as active color units in the fabrica-
tion of flexible display media in the future. 
   Organic fluorescent dyes-based biological devices are used widely for meas-
urements in optoelectronic, life-science research, drug discovery and materials 
coating. It is desirable to identify and effective way to dynamic control the fluo-
rescence emission. To achieve this, the fluorescent emission of Rhodamine 6G is 
dynamically controlled by combing the dyes into silk fibroin inverse opals. The 
fluorescence emission can be strongly enhanced by coupling the emitters into 
inverse opal structure. Moreover, the fluorescence enhancement increases linearly 
with the increscent of the thickness of the inverse opals (the NO. of layers) with a 
factor of 2. By adjusting the band gaps of the photonic crystals to overlap the 
fluorescence emission spectrum, the fluorescence emission is inhibited. Due to the 
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high promising property of silk fibroin in the field of bio-technology, the combi-
nation of fluorescent dyes and silk fibroin photonic crystals broaden applications 
of fluorescent dyes in biological systems. Such a fluorescence enhancement and 
inhibition mechanism controlled by biomaterial would be invaluable to the future 
design in biomedical devices.   
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CHAPTER 1                                                             
Introduction 
 
1.1 What is structural color? 
Color production in nature takes advantage of either pigmentation or structural 
coloration. Color produced from pigmentation is also called chemical color, which 
comes from the selectively absorbed certain wavelengths of light and reflected or 
scattered other wavelengths by pigments. Structural color, also called physical 
color, is caused by complicated interaction between light and microstructures with 
featured sizes comparable to the visible wavelengths. In this case, fundamental 
optical processes such as reflection, refraction, interference, diffraction and 
scattering are the basic physical originations of structural color.  
The phenomenon of structural color has been discovered for a long time, and 
many efforts have been devoted to identify the optical properties and coloration 
mechanisms. Probably, the oldest scientific description on structural color ap-
peared in “Micrographia” written by Hooke (1665)1. Later, Newton (1704) 
described in “Opticks” that the colors of iridescent peacock arose from the thin-
ness of the transparent part of feathers
2
. The complete understanding of the 
concept was accessible after the invention of the electron microscope (EM), with 
which the dedicated nanostructures of the structural color can be observed. Thus, 
the relationship between the nanostructures and optical properties of structural 
      2 
color can be established, and the coloration mechanisms are much easier to 
understand. 
Compared with the colors arise from pigments, structural color possesses many 
interesting features since it is produced structurally. Generally, structural color is 
of high brightness and saturation and is hence sometimes called metallic color. It 
may display iridescence
3
, i.e., a color changes as the angle of view or illumination. 
The variations of structures or contrast of refractive indices may alter or destroy 
structural color, which can be achieved by applying pressure or inﬁltrating liquids 
in air voids of the nanostructures. In contrast to pigmentary coloration, structural 
color never fade away provided that the corresponding photonic structure retain 
unchanged. 
In recent years, structural color and relevant photonic structure have been sub-
jected to extensive studies because of their scientific and practical importance
3-10
. 
The study of structural color may render tremendous important information 
related from evolution, biological functions, structural formation, to strategies of 
light steering. On the other hand, structural color may have potential applications 
in a variety of industries including photonics, display, painting, and textile, etc. 
Natural photonic structures and the ingenious ways of color production may have 
been a great source of inspiration in our design and fabrication of new optical 
materials and devices for future technological applications. 
1.2 Mechanisms of structural coloration 
  Nowadays, most of the structural colors in nature are considered to originate 
from the following four fundamental optical processes:  1) interference, 2) diffrac-
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tion, 3) scattering and 4) photonic crystals. Herein, we will describe the principles 
of these optical processes. 
1.2.1     Interference 
  Thin-film interference is one of the simplest structural coloration and is widely 
distributed in nature
11
. A soap bubble in sunlight is a common example. Consider 
a light beam is incident on a thin layer of thickness d and refractive index n at the 
angle of θ as shown in Fig. 1.1a. The light beam is either reflected or transmitted 
at the upper surface. The transmitted beam at the upper surface will once again be 
reflected or transmitted when reaching the lower surface. The reflected beam at 
the lower surface will also encounter reflection or transmission at the upper 
surface. Then the reflected light beams from the two surfaces would interfere with 
each other. The optical path difference for the two reflected light beams depends 
on the incident angle θ, the ﬁlm thickness d and the refractive index of the ﬁlm n, 
given by 2ndcosθ. In the calculation of the optical path difference, one should 
consider an abrupt phase change of π when a light beam is reﬂected from a low-
refractive-index medium to a high-refractive-index medium; in this case, an extra 
contribution λ/2 should be calculated to the optical path difference. Constructive 
interference occurs when the optical path difference is an integral number of 
wavelengths. On the other hand, destructive interference happens when the optical 
path difference is a half integral number of wavelengths. Considering phase 
changes upon reﬂection at both the upper and lower surfaces, the condition for 
constructive interference for n1 < n < n2 or n1 > n > n2 is given  
2nd cos θ = m λ                                                  (1.1) 
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where λ is the light wavelength in vacuum, n1 and n2 are the refractive indices of 
the upper medium and lower medium, respectively, m is an integer. For n1 < n > 
n2 or n1 > n < n2, the condition for constructive interference of a thin film be-
comes  
2nd cos θ = (m +1/2) λ                                      (1.2) 
For a given ﬁlm, the reﬂection reaches its maximum when the wavelengths 
satisfying the above constructive interference conditions, giving rise to structural 
coloration. From equations 1.1&1.2, it is obvious that the optical path difference 
increases with increasing incident angle. As a result, the wavelengths of reﬂection 
peaks undergo a blue shift when increasing the incident angle, leading to irides-
cent structural coloration. 
Multilayer interference is qualitatively understood as the case where a pair of 
thin layers piles up periodically. Consider two layers designated as A and B with 
thicknesses dA and dB and refractive indices nA and nB, respectively (Fig. 1.1b). 
We assume nA > nB for the present. If we consider a particular pair of layers, the 
phases of the reflected light both at the upper and lower interfaces between B and 
A change by π. Thus, multilayer interference, as in thin-film interference, can be 
applied as Eq. 1.3 for constructive interference, with the angles of refraction in 
layers A and B as θA and θB, respectively. 
2 (nA dA cosθA + nB dB cosθB) = m λ                         (1.3)



















Figure 1.1. a Thin-ﬁlm interference. A thin-ﬁlm with a thickness of d and refrac-
tive index of n is sandwiched between a upper medium with a refractive index of 
n1 and a lower medium with a refractive index of n2. The refracted angle with 
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1.2.2       Diffraction 
  Diffraction occurs when light waves travel through a medium with a varying 
refractive index, such as a diffraction grating. A diffraction grating is an optical 
component with a regular pattern (Fig. 1.2). The form of the light diffracted by a 
grating depends on the structure of the elements and the number of elements 
present, but all gratings have intensity maxima at angles θm which are given by the 
grating equation 
                                  d (sin θi + sinθm) = m λ                                      (1.4)  
Where θ is the angle at which the light incident, d is the separation of grating 
elements, and m is an integer which can be positive or negative. For a ﬁxed 
wavelength, diffraction occurs at certain diffracted angles that satisﬁes the grating 
equation. For ﬁxed incident and diffracted angles, light with wavelengths that 






Figure 1.2. Diffraction by a grating consisting of a periodic surface. The incident 
angle is θi, the diffracted angle is θm, and the ridge spacing is d. 
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1.2.3 Scattering 
Light scattering is a form of scattering in which light is the form of propagating 
energy which is scattered. Light scattering can be thought of as the deflection 
from a straight part, for instance by irregularities in the propagation medium, 
particles, or in the interface between two medium. Light scattering may strongly 
depend on the light wavelength, the geometry and the arrangement of the irregu-
larities. According to the arrangements of irregularities, light scattering can be 
incoherent or coherent, which is determined by the coherent length of illuminating 
light. For natural light such as sunlight, its coherent length is about a few microns. 
When the separations of scatters are larger than the coherent length, it can be 
considered as incoherent scattering. On the other hand, if the separations of 
scatters are smaller than the coherent length, light scattering is coherent since 
scattered light may interfere each other and even cause strong resonances. The 
blue color of the sky is caused by scattering from molecules since shorter wave-
length light such as violet and blue is scattered much more that the longer 
wavelength light. 
1.2.4 Photonic crystals 
For thin ﬁlms, multilayers, and diffraction gratings, their coloration can be un-
derstood simply by interference and diffraction. In the biological world, there 
exists much more complicated photonic structures, e.g., periodic photonic struc-
tures in two- and three- dimensions (2D/3D), so-called photonic crystals (PCs). 
Actually, multilayers and diffraction gratings are examples of one dimensional 
(1D) photonic crystals.  
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Photonic crystals are composed of periodic dielectric or metallo-dielectric 
nanostructures that affect the propagation of electromagnetic waves (EM) in the 
same way as the periodic potential in a semiconductor crystal affects the electron 
motion by defining allowed and forbidden electronic energy bands. Essentially, 
photonic crystals contain regularly repeating internal regions of high and low 
dielectric constants. If the depth of refractive index modulation of photonic crystal 
is sufficient, a photonic band gap (PBG) can open up. This gives rise to distinct 
optical phenomena such as inhibition of spontaneous emission, high-reflecting 
omni-directional mirrors and low-loss-waveguiding, etc. When the photonic band 
gaps of these materials locate in the visible range (400-700nm), the interaction 
between the light and microstructures will produce the so-called structural color. 
To understand the coloration mechanism of structural color in a quantitative way, 
numerical simulations by solving Maxwell’s equations must be conducted. The 
simulation methods will be introduced in Chapter 2. 
1.3 Examples of natural structural color 
   A wide variety of structural colors can be found in nature, among which the 
most famous examples are the vivid colors of some species of butterfly wings and 
the peacock feathers
13-17
. Metallic reflection from the elytra of beetles and the 
iridescent stripe in some kinds of fish are also typical natural structural colors
18-20
. 
In the following, we will discuss the coloration mechanisms of some examples of 
natural structural colors. 
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1.3.1 Butterfly wings 
  Certain species of butterflies exhibit typical blue and green structural colors, 
which are known to be produced by the nano-structures in their wing scales
21
. 
These structures show some variations based on two different central design 
principles. 
  
Figure 1.3. a, Real color image of the blue iridescence from a M. rhetenor wing. b, 
Transmission electron micrograph (TEM) image showing the multi-layers struc-
ture of the discreate riges on wing-scale of M. rhetenor wing (Reproduced from 
[10]).   
  The first, named as class 1 or Morpho type, comprises of a multi-layer structure 
within the discrete ridged structures on the surface of scales that cover the wings
6, 
22, 23
. Morpho butterfly (Fig. 1.3a) bearing brilliant blue color in its wings are the 
b 
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most suitable creature to explain the complicated features of the structural colors 
in nature. As shown in Fig. 1.3b, the cross section of a ridge consists of a lamellar 
structure of 8-10 alternative layers of cuticle and air, which form a multi-layer 
structure
10
. The iridescent blue color of Morpho rhetenor butterfly is attributed to 
the multilayer interference of the multi-layers of cuticle and air of the ridges on 
the wing scales. 
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Figure 1.4. Modulated multi-layering leads to dual color in P. palinurus. (a), Real 
color image of the green color from P. palinurus. b, TEM image showing a cross 
section through one concavity on a P. palinurus iridescent scale. Inset; a scanning 
electron microscope (SEM) image of the surface of an iridescent scale. Scale bar, 
1 µm. c, Real-color image showing the dual-color nature of the reflectivity from 
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the surface of the P. palinurus iridescent scale, taken using unpolarized light in an 
optical microscope. Top inset, image of the same region taken with crossed 
polarizers. Bottom inset, illustration of the mechanism by which polarization is 
converted through bi-reflection from orthogonal sides of a concavity. Scale bar, 
12 µm. (Reproduced from [14]) 
 
  The second, referred to class 2 or Urania type, comprises of continues multi-
layers within the body of scales. One particular characteristic of class 2 type is the 
modulation of the profile of the multi-layer structure, which introduces concave 
structure into the scale. This specific concave structure can be found in many 
Papilio butterflies, and leads to some particular optical properties, such as polari-
zation, colors mixing etc.
14,15
 The Indonesian male Papilio Palinurus (Fig. 1.4a) 
butterfly has bright green coloration on its wing scales. Scanning electron micro-
graphs of scales taken from the wings’ colored regions show that their surfaces 
comprise a regular two-dimensional array of concavities, of about 4–6 μm in 
diameter and 0.5–3 μm at the greatest depth. Transmission electron micrographs 
of these scales in cross-section reveal that the scales comprises of a multi-layer 
structure with a concave profile (Fig. 1.4b). The modulation of the concavity 
generates an extraordinary of both yellow and blue iridescence, the blue compo-
nent results from so-called retro-reflection process. The variation in color across 
each concave surface modulation is evident from optical microscopy. In reflection, 
the flat regions between and in each concavity appear yellow, and the inclined 
sides of each concavity appear blue under normally incident light (Fig. 1.4c). It is 
the juxtaposition of these yellow and blue regions that synthesizes the green 
coloration perceived by the human eye, as they are too small to be resolved 
individually. Such spatial-averaging color-stimulus synthesis has been reported in 
beetles, and it also forms the basis of color-television pictures and pointillistic 
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painting. The blue component cannot be back reflected from a single multilayer 
system inclined at 45
o
 to the incident direction. The effect is in fact caused by pair 
of orthogonal multilayer surfaces that lie on opposite sides of each concavity. 
Light incident along the scale perpendicular, reflected from one surface inclined at 
45
o
, is directed across the concavity to the opposite inclined surface, where it is 
returned back along the incident direction. These pairs of inclined surfaces with 
almost identical multi-layering have matched spectral reflectivity characteristics; 
this causes intense blue reflectivity through this bi-reflection. 
1.3.2 Peacock feather 
  The male peacock tail contains spectacular beauty because of the brilliant, 
iridescent, diversified colors and the intricate, colorful eye patterns. Peacock  
feathers (Fig. 1.5a) serve  as  an  excellent canonical  example  for  investigating  
structural  colors  in  avian feathers. A peacock feather consists of many barbs, 
each of which has a lot of branches called barbules. Fig. 1.5b is the green barbules 
under optical microscope. Fig. 1.5c shows the submicron structures of green 
barbules. The transverse cross sections reveal that a barbule consists of a medullar 
core enclosed by a cortex layer. Interestingly, the cortex of all different colored 
barbules contains a 2D photonic-crystal structure
24, 25
 made up of melanin rods 
connected by keratin. Photonic-crystal structures in all different colored barbules 
are quite similar. In the blue, green, and yellow barbules, the lattice structure is 
nearly square, whereas in the brown barbules, it is a rectangular lattice. It was 
found that the cortex in different colored barbules, which contains a 2D photonic-
crystal structure, is responsible for the coloration in peacock feathers. Coloration 
strategies in peacock feather are very ingenious and simple: controlling the lattice 
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constant and the number of periods in the photonic-crystal structure. Varying the 
lattice constant produces diversified colors. The reduction of the number of 
periods brings additional colors, causing mixed coloration. 
 
Figure 1.5. Structural color of peacock feather. a Picture of a peacock feather. b 
Optical microscope image of green barbules. c Scanning electron microscope 
image of the transverse cross section of green barbules.  
1.4 The applications of structural color 
  Structural color has been closely connected with human life since the dawn of 
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ries and furniture. Pearls are one of the most well-known natural jewels utilizing 
structural color. In recent years, structural colors have attracted great attention in a 
wide variety of research fields. One of the reasons is structural colors are deeply 
connected with rapidly growing fields of photonic crystals.  
  Photonic crystals attract many research interests from both theorists and experi-
mentalists. These photonic crystal materials present interesting technological 
applications in photonics and electronics. As one catalog of photonic crystals, 
structural color materials have been the subject of extensive studies recently, 
because their applications have rapidly progressed in many fields related to vision 
such as display technology, cosmetics, and textile industries
26-29
. Arsenault et al. 
described a reﬂective ﬂat-panel display technology based on the electrical actua-
tion of photonic crystals
27
. These materials display non-bleachable structural color, 
reﬂecting narrow bands of wavelengths tuned throughout the entire visible spec-
trum by expansion and contraction of the photonic-crystal lattice. The material is 
inherently bright in high-light environments, has electrical bistability, low opera-
tional voltage, can be integrated onto ﬂexible substrates, and is unique among all 
display technologies in that a continuous range of colors can be accessed without 
the need for color ﬁlters or optical elements. Structural color also can be applied in 
bio-technology, such as cosmetics, textiles, etc. 
 
1.5 Strategies of mimicking natural structural color 
 During the last two decades, considerable efforts have been devoted to mimicking 
natural structural color
28-38
. However, to obtain such dedicated structures with 
structural color as seen in animal kingdom remains to be a big challenge. One way 
to acquire structural color was to adopt the nature structural color materials as 
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templates to replicate the nanostructures so as to obtain the optical properties
30,31
. 
Wang et al. examined the fine structure of the wing scale of a Morpho Peleides 
butterfly and replicated the entire configuration by a uniform Al2O3 coating 
through a low-temperature atomic layer deposition (ALD) process
30
. An inverted 
structure was achieved by removing the butterfly wing template at high tempera-
ture, forming a polycrystalline Al2O3 shell structure with precisely controlled 
thickness. Other than the copy of the morphology of the structure, the optical 
property, such as the existence of PBG, was also inherited by the alumina replica. 
Meanwhile, other replicating methods have also been employed to replicate the 
structures of natural photonic materials, including conformal-evaporated-ﬁlm-by-
rotation technique, soft lithography technique, etc. 
31,38
. 
Colloidal crystals with photonic band gap lying in the visible range are another 
option for mimicking natural structural color.
 
Inspired by natural photonic crystals 
with both structural color and specific wettability, researchers have fabricated 
colloidal crystals with controllable wettability and tunable structural colors
39-44
. 
The wettability can be adjusted by the intrinsic roughness of colloidal crystals in 
combination with the tunable chemical composition of latex surfaces. The struc-
tural colors can be tuned by changing the size of the colloidal spheres.  
In spite of the easy fabrication and wide potential applications of colloidal crys-
tals, they are very brittle and may disperse in water. Practical device requires that 
the crystal be either fixed in place or replicated by other more robust materials
45-49
. 
Alternative approach to mimic natural structural color is to replicate the colloidal 
crystal structure using a durable material creating inverse opal structure. By 
adjusting the dimensions of the pores, as well as the refractive index of the 
material, photonic band gap of the inverse opal structure can be tuned accordingly.   
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1.6 Motivations, scope and objectives of this thesis 
1.6.1 Motivations and objectives 
Up to now, the structural coloration mechanisms in nature have been investi-
gated extensively. However, some particular optical properties and their structural 
originations are not fully understood yet. For instance, the structural color exhibit-
ed by Papilio butterflies is generally assigned to be iridescent as it is originated 
from ordered structures. To the best of our knowledge, no further efforts have 
been made to discuss the influence of Papilio butterflies’ concavity structure on 
the angular reflectance property of their structural colors. Furthermore, the ridges 
on the surface of Papilio butterflies’ wing scales are rare discussed in the litera-
ture.  
  As described in section 1.5, great accomplishment in mimicking of structural 
color has been made. However, the structural color produced by the animal 
kingdom is much richer and more effective than what we can produce artificially 
so far. Furthermore, it is especially difficult to mimic some unique optical proper-
ties of natural structural color, such as polarization, colors mixing etc. M. Kolle et 
al. used combined techniques to fabricate photonic structures with concave and 
multi-layer structure that mimic the colors mixing and polarization effect found on 
the colored wing scales of Papilio Blumei
34
. Nevertheless, this approach needs to 
fabricate complex nano-structures, wherein the two reflections come from differ-
ent parts of the structure. This technique is costly and difficult to obtain different 
properties by tuning the structure. In this regard, the key challenges in future work 
to biomimic natural structural color turn out to be how to design and fabricate 
photonic crystals with the unique optical properties of natural structural color (i.e. 
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bi-reflection, polarization effect, iridescent/noniridescent etc) through a simple 
process. On the other hand, the growing demand for optical interfaces and sensors 
for biomedical applications is motivating research towards realizing biocompati-
ble photonic components that offer a seamless interface between the optical and 
biological worlds. Therefore, another key issue to be addressed in this field is how 
to mimic the structural color using biocompatible and biodegradable materials. 
  In the biological world, many animals can change their coloration in response to 
environmental stimuli. For instance, the elytra golden color of beetles 
Tmesisternus isabellae is produced by a multilayer in scales which are densely 
imbricated on the elytra
18
. The adaptive values of color change are usually regard-
ed as camouﬂage, signal communication, conspeciﬁc recognition, and 
reproductive behavior. To bio-mimic the responsive ability of natural structural 
color is also an interesting topic of our study. 
The objectives of this thesis: 
1. Explore the mechanisms of color mixing or bi-reflection of natural structural 
color. 
2. Invent an effective way to bio-mimic the double structural color reflection. In 
this study, silk fibroin with inverse opal structure was chosen to mimic the 
structural-double-reflection effect. 
3. Tune the reflection peaks of a given structural color material by external 
stimuli to achieve responsive photonic crystals. 
4. Apply structural color to fabrics. 
5. To further study the light control property of photonic crystals by combining 
fluorescent molecules into our silk fibroin inverse opals.  
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1.6.2 Scope of this thesis 
  In this thesis, we focused on exploring coloration mechanism of the bi-reflection 
effect of natural structural color and try to identify effective techniques to mimic 
the bi-reflection using biomaterials based on the understanding of the coloration 
mechanism of structural bi-reflection, and further to apply structural color in 
industry field by fabricating structural colored fabrics  (Fig. 1.6). 
 
Figure 1.6. Schematic illustration of the scope of this thesis. 
  In Chapter 2, the fabrication, characterization and simulation methods of photon-
ic crystals with structural color will be introduced. Specifically, evaporation-
induced self-assembly method is adopted to fabricate colloidal crystals; silk 
fibroin inverse opals are fabricated through a colloidal crystal templating method. 
The optical and spectral properties of structural color are characterized by optical 
microscope and spectrometer, respectively. The micro-/nano-structures of the 
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structural color materials are examined by scanning electrom microscope. In this 
chapter, we will also introduce the plane-wave expansion method to theoretically 
predict the optical properties of structural color.  
  In Chapter 3, the coloration mechanisms and related extraordinary optical 
properties (e.g. polarization, bi-reflection) of the wing scales of two breeds of 
Papilio butterflies, namely Papilio Ullysess and Papilio Blumei, are explored. 
Both of these two breeds of butterflies take advantage of colors mixing strategy. 
The differences of the coloration mixing mechanisms and the optical performanc-
es in these two breeds of butterflies will be investigated. The role of the structures 
of the ridges and the concavities, as well as the profile of the concavities on the 
colors mixing and polarization effect will be examined. The investigation of the 
colors mixing mechanisms of these biologically photonic nanostructures may 
offer a convenient and simple way for fabricating optical devices based on 
biomimicry.   
  Chapter 4 will introduce how to mimic natural structural color by fabricating 
inverse opal structures. Specifically, silk fibroin inverse opals are fabricated to 
obtain the controllable bi-reflection by taking advantage of the particular charac-
teristics of its photonic band structure. It is our intention to acquire biological 
materials with structural reflections in both ultraviolet and visible (UV/visible), 
visible and infrared (visible/IR), or ultraviolet and infrared (UV/IR) ranges of 
spectrum. Silk fibroin inverse opals with different pairs of bi-reflection peaks (i.e. 
UV and Visible peaks, UV and NIR peaks or Visible and NIR peaks) are obtained 
by simply controlling their lattice constants. Furthermore, the potential applica-
tions of silk fibroin based photonic crystals in eco-dyeing and multi-
functionalizing silk fabrics are also demonstrated.   
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  As discussed in Chapter 4, the two reflection peaks of a silk fibroin inverse opal 
can be tuned by changing its lattice constant. Nevertheless, for a ready-made silk 
fibroin inverse opal, adjusting the reflection peaks is a key issue. In Chapter 5, we 
will identify a simple and effective approach to tune the reflection peaks by 
external stimuli to achieve responsible structural color. The humidity induced 
cyclic contraction of silk is utilized to tune peak positions of bi-reflection of silk 
fibroin inverse opals in an in-line and continuous way.  
  Chapter 6 studies the light control property of photonic crystals by combing 
fluorescent dyes Rhodamine 6G (R6G) into silk fibroin inverse opals. We demon-
strate that the fluorescence emission could be strongly enhanced by a factor of ~40 
by combining the dyes into silk fibroin inverse opals, while within the photonic 
band gap (PBG) of the inverse opals, the fluorescence emission is inhibited. 
Therefore, the fully control of fluorescence emission from Rhodamine 6G can be 
achieved by the inverse opal structure.  
  Chapter 7 summarizes the results of this thesis and presents overall conclusions 
as well as recommended further studies that can be undertaken. 
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CHAPTER 2                                                                 
Materials, Methods and Techniques 
 
2.1 Materials 
  Silk is a highly desired textile that has spread throughout the world due to the 
smooth texture, shimmering appearance and strength of silk have made it. Natural 
silks derived from spiders or silkworms are the strongest natural fibres known to 
man and provide an organic alternative to materials such as steel or kevlar 
50-52
. 
Recently, silk fibres obtained from the Bombyx mori silkworm are creating new 
opportunities by offering a widely available, robust, biocompatible and implanta-
ble material substrate. Silk fibres from a silkworm cocoon can be processed into 
various forms, ranging from gels, strands, sponges and blocks, through to foams 
and films
53-58
. Among the many possible material forms, silk films are of particu-
lar interest for optics and photonics applications because of their transparency and 
surface flatness, which are a direct result of the all-aqueous processing of the 
protein. In this thesis, silk fibroin films with inverse opal structure are fabricated 
to mimic natural structural color. 
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2.2 Methods  
2.2.1 Colloidal crystal templates 
  Before we talk about the fabrication methods of inverse opal structure, we first 
introduce colloidal crystals, which serve as templates in fabricating silk fibroin 
inverse opals. Colloidal crystals, wherein the periodic modulation of the dielectric 
constant is realized by self-assembling mono-dispersed colloidal objects such as 
silica (SiO2) or polystyrene (PS) microspheres into ordered arrays, turn out to be 




The resulting photonic 
properties are determined not only by the symmetry and lattice constant of the 
crystal, but also the refractive index contrast between the colloids and the sur-
rounding medium. The sizes of colloids are typically in the range of 100 nm to 
several μms. The self-assembly and fabrication of two- or three-dimensional 
(2D/3D) colloidal crystals have attracted intensive interest because their wide 
applications in photonic crystals
34,63-65





 and templates for colloidal nanolithgraphy
70
. Here, we 
focused on the fabrication of 3D colloidal crystals.  
Several methods have also been widely employed to assemble highly ordered 
3D crystals with large domain size, including sedimentation, repulsive electrostat-
ic interactions, and physical confinement. Among these methods, sedimentation in 
a gravitational field seems to be the simplest approach for building 3D colloidal 
crystals
71
. A number of parameters must be carefully controlled to grow colloidal 
crystals with high quality, including the size, uniformity, and density of the 
colloids, as well as the rate of sedimentation. The main disadvantages of this 
method are the poor control over the structure and the thickness of the crystalline 
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arrays, the long preparation time, and the polycrystalline nature of the products. In 
the repulsive electrostatic interactions, highly charged colloids particles suspended 
in a solution can spontaneously self-organize into ordered structures, driven by the 




The colloidal crystals 
prepared using this method are typically non-close-packed, because the repulsive 
electrostatic interactions keep the particles away from each other. However, this 
method has very strict requirements regarding the experimental conditions such as 
the surface charge density, the colloidal concentration, and the ionic strength. In 
the physical confinement method, the colloidal suspension is left to a physical 
confinement to self-assemble into long-range-ordered crystalline structures
77-79
. 
Xia et al. demonstrated an effective way to fabricate colloidal crystals with 




This method is relatively fast, and it also provides tight control over the structures 
and the thickness of the 3D colloidal crystals. 
In our study, the colloidal crystals are fabricated through evaporation-induced 
self-assembly (EISA) method
83,84
.  Mono-dispersed polystyrene latex spheres with 
different diameters were used as received from the supplier (Duke Scientific). 
Colloidal suspensions are loaded on a silica/glass substrate, and incubate the 
suspensions inside an oven at 40
o
C. With the evaporation of the suspensions, 
colloidal spheres would self-assemble into a 3D colloidal crystal with a face 
center cubic (FCC) structure (Fig. 2.1). This process is similar with the sedimenta-
tion method; the rate of evaporation is well controlled by the temperature.  
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Figure 2.1. Colloidal crystal fabricated by evaporation-induced self assembly 
methods. The diameter of the colloidal sphere is 700 nm. 
2.2.2 Fabrication methods of inverse opal structure 
 
Figure 2.2. The procedures of fabricating silk fibroin inverse opals 
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  In our work, we utilize silk fibroin to fabricate nanoporous materials with highly 
ordered crystalline structure. The templates we used were 3D colloidal crystals. 
The regenerated (2% w/v) silk fibroin solution was casted and penetrated into 
voids of the colloidal crystals by capillary force. The samples were then incubated 
(25
o
C, 30% Humility) for 5 Hrs, ensuring the voids in the colloidal crystal were 
sufficiently filled and allowing the silk fibroin solution to dry slowly. In the third 
step of the process, PS particles were removed by immerse the samples into 
tetrahydrofuran (THF, received from Fluke) for 4-5 hrs. And then the samples 
were taken out to evaporate the THF (Fig. 2.2).  
2.3 Experimental characterization techniques 
2.3.1 Optical observations 
  Optical characterizations of structural color are conventionally conducted by 
optical microscopy under different magniﬁcations. This is because the colored 
bodies are sometimes too small to be resolved by our naked eye. In some cases, a 
color perceived us is a mixed one, composed of differently colored small bodies 
which can be resolved by optical microscopy. 
  For normal observations, bright field reflection mode is used. We may also use 
polarization mode to get information on polarization effects of structural color.  
To characterize the fluorescence emission from a photonic crystal structure, 
fluorescence mode of optical microscopy is employed.  Fig. 2.3 is a typical optical 
configuration for an optical microscopy. 
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Figure 2.3. Schematic of optical microscopy. 
2.3.2 Spectral measurement setup 
  The spectral characteristics of photonic structures offer important information on 
structural color. For spectral measurements, spectrometer is highly desirable from 
which reﬂection and transmission spectra can be obtained. In this study, ocean 
optics USB 2000 is employed, as shown in Fig. 2.4a. A home-made angle-
resolved spectrometer (Fig. 2.4b) is utilized to characterize the angle-dependent 
optical properties of structural color. In this angle-resolved spectrometer, the 
incident angle θ can be adjusted by rotating the detection arm ﬁxed on the lower 
stage of a rotational stage. Different spectra such as specular reﬂection (incidence 
at θ and detection at θ), scattering (incidence at θ and detection at other angles), 
backscattering (incidence at θ and detection at −θ), and transmission can be 
obtained. In measurements of absolute reﬂectance, a reference standard, e.g., 
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diffuse white, should be used in order to remove the inﬂuence of the characteristic 
wavelength dependence from the illuminate. 
 
Figure 2.4. a, Schematic illustrations of spectrometer (Ocean Optics 2000) and b, 
angle-resolved spectrometer.  
  In general, a single part of the structurally colored parts of photonic materials 
(e.g., scales of butterflies and barbules of feathers), may even display different 
structural colors. In this sense, the microscopic spectral detections are necessary. 
In the experiment, a micro-spectrometer that can detect spectra of microscopic 
regions can be achieved by connecting the spectrometer with optical microscopy. 
The beam size and direction can be controlled by the optical microscope.  
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2.3.3 Micro- / Nano-structures characterization 
  The micro- / nano-structures of natural structural color and fabricated photonic 
crystals are characterized by scanning electron microscope (SEM).  
  In a typical SEM (Fig. 2.5), an electron beam is thermionically emitted from an 
electron gun fitted with a tungsten filament cathode. The electron beam, which 
generally has an energy ranging from 0.5 keV to 40 keV, is focused by one or two 
condenser lenses to a spot about 0.4 nm to 5 nm in diameter. The beam passes 
through pairs of scanning coils or pairs of deflector plates in the electron column, 
in the final lens, which deflect the beam in the x and y axes so that it scans in a 
raster fashion over a rectangular area of the sample surface. 
  When the primary electron beam interacts with the sample, the electrons lose 
energy by repeated random scattering and absorption within a teardrop-shaped 
volume of the specimen known as the interaction volume, which extends from less 
than 100 nm to around 5 µm into the surface. The energy exchange between the 
electron beam and the sample results in the reflection of high-energy electrons by 
elastic scattering, emission of secondary electrons by inelastic scattering and the 
emission of electromagnetic radiation, each of which can be detected by special-
ized detectors. The beam current absorbed by the specimen can also be detected 
and used to create images of the distribution of specimen current. Electronic 
amplifiers of various types are used to amplify the signals, which are displayed as 
variations in brightness on a cathode ray tube (CRT). The raster scanning of the 
CRT display is synchronized with that of the beam on the specimen in the micro-
scope, and the resulting image is therefore a distribution map of the intensity of 
the signal being emitted from the scanned area of the specimen. The image is 
digitally captured and displayed on a computer monitor and saved to a computer's 
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hard disk. The magnification of a SEM can be controlled over a range of up to 6 
orders of magnitude from about 10 to 500,000 times. 
 
Figure 2.5. Schematic illustration of scanning electron microscope (SEM). 
 
2.4 Theoretical analysis of the optical properties of photonic 
crystals 
   As introduced in chapter 1, structural color is produced by photonic crystals. 
Photonic crystals are composed of periodic dielectric or metallo-
dielectric nanostructures that affect the propagation of electromagnetic waves (EM) 
in the same way as the periodic potential in a semiconductor crystal affects 
the electron motion by defining allowed and forbidden electronic energy bands. 
Essentially, photonic crystals contain regularly repeating internal regions of high 
      31 
and low dielectric constant. Photons (behaving as waves) propagate through this 
structure - or not - depending on their wavelength. Wavelengths of light that are 
allowed to travel are known as modes, and groups of allowed modes form bands. 
Disallowed bands of wavelengths are called photonic band gaps. This gives rise to 
distinct optical phenomena such as inhibition of spontaneous emission, high-
reflecting omni-directional mirrors and low-loss-waveguiding, amongst others. 
Since the basic physical phenomenon is based on diffraction, the periodicity of 
the photonic crystal structure has to be of the same length-scale as half the wave-
length of the EM waves i.e. ~350 nm (blue) to 700 nm (red) for photonic crystals 
operating in the visible part of the spectrum - the repeating regions of high and 
low dielectric constants have to be of this dimension.  
The photonic band gap (PBG) is essentially the gap between the air-line and the 
dielectric-line in the dispersion relation of the PBG system. To design photonic 
crystal systems, it is essential to engineer the location and zise of the bandgap; this 
is done by computional modeling using any of the following methods.. 
1. Plane wave expansion method 
2. Finite element method 
3. Finite difference time domain method 
4. Bloch wave method 
5. Transfer matrix method 
For natural photonic structures, analytical treatments are only possible for some 
particular cases, e.g., thin ﬁlms72. To treat quantitatively, numerical simulations 
are absolutely necessary since natural photonic structures are usually of diverse 
and complexity. Analytical or numerical results can provide reﬂection, scattering, 
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transmission, and absorption spectra that can directly compare with experimental 
ones. Moreover, the mechanisms of structural coloration can be inferred from 
which we may unravel interesting light steering strategies and even new phenom-
ena. With the development of computational algorithms and computer itself, 
various computational methods have been proposed to analyze the optical proper-
ties of photonic crystals numerically. Commonly used methods include transfer 
matrix method (TMM)
85-87




Transfer Matrix Method  
In this study, TMM was used to analyze the coloration mechanism for multi-
layer structures. The reflectance spectrum can be predicted by the transfer matrix 
method. The characteristic matrix of an assembly of n layers of films is calculated 
by multiplying the matrices of each individual film. 
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Plane wave expansion method 
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The plane-wave expansion method is normally employed to calculate the band 
structure using an eigen formulation of the Maxwell 
91
, and thus solving for the 
eigen frequencies for each of the propagation directions and the wave vectors. 
Each of the eigenmodes for frequency ω and wave vector K is represented as:  
                  ,
( , ) exp( ) exp[ ( ) ]
K K G
E r t i t E i K G r                                       (2.3)
 where ω is the angular frequency, E is the electric field vector, G is the recip-
rocal lattice vector, and the sum extends over all reciprocal lattice vectors G . 
Figure 2.6 corresponds to the band structure of a 1D photonic crystal with air-core 
interleaved with a dielectric materials of relative permittvity 12.25, and a lattice 
period to air-core thickness ratio (d/a) of 0.8, is solved using 101 planewaves over 
the first Brillouin zone. In this study, the calculation of the band structure of 
fabricated colloidal crystals and silk fibroin inverse opals with the FCC structure 
was performed by a plane-wave expansion method. 
 
Figure 2.6. Band structure of a 1D photonic crystal, calculated using palne wave 
expansion technique (this figure is cited from wikipedia, 
http://en.wikipedia.org/wiki/Photonic_crystal ). 
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CHAPTER 3                                                                           
Structural Coloration Mechanisms and Structurally 
Assisted Blackness of Papilio Butterflies 
3.1 Introduction 
3.1.1 Structural color of butterfly wings 
  The coloration in the animal kingdom, as seen in birds’ feathers and butterflies’ 
wings, is often an additive mixture of structural colors
6,17,23,92
. The structural 
coloration is produced by physical interactions of light with biomaterials which 
have nano-structural variation in the refractive index on the order of the visible 
wavelength. The structural colors can be divided into two classes: iridescent and 
non-iridescent. The iridescent color normally is generated by reflection or scatter-
ing of light from an ordered array of scatters
5
. On the other hand, the non-
iridescent color from the feathers of many birds is produced by quasi-ordered 
array of air vacuoles in the medullary keratin
93
.  
Certain species of butterflies exhibit typical blue and green structural colors, 
which are brighter and more deeply saturated than those typically arising from 
pigments. The structural coloration is known to be produced by the nano-
structures in wing scales of these butterflies
94,95
. As we have mentioned in Chapter 
1, these structures show some variations based on two different central design 
principles
21
. The first, named as class 1 or Morpho type,
 
comprises of a multi-
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layer structure within the discrete ridged structures on the surface of scales that 
cover the wings. The second, referred to class 2 or Urania type, comprises of 
continues multi-layers within the body of scales. One particular characteristic of 
class 2 type is the modulation of the profile of the multi-layer structure, which 
introduces concave structure into the scale. This specific concave structure can be 
found in many Papilio butterflies, and gives rise to some particular optical proper-
ties, such as polarization, colors mixing etc.
15
. Papilio Ullysess and Papilio 
Blumei are two species of butterflies exhibiting colorful scales with typical 
properties of structural colors. P. Vukusic et al. discussed the colors mixing and 
polarization effect of Papilio Palinurus butterfly 
14,15
. However, some particular 
optical properties and their structural originations are not fully understood yet. For 
instance, the structural colors exhibited by Papilio butterflies are generally 
thought to be iridescent as they are originated from ordered structures. To the best 
of our knowledge, no further efforts have been made to discuss the effects of 
Papilio butterflies’ concavity structure on the angular reflectance property of their 
structural colors. Also, the ridges on the surface of Papilio butterflies’ wing scales 
are rare discussed.  
Due to its wide applications in photonic crystals, cosmetics, and display tech-
nology
27,28
, structural color has become the subject of extensive studies recently. 
We notice that some optical properties and visual ecology of butterflies are 
correlated with their behaviors, such as mating, aposematic communication, 
etc.
96,97
. Investigating the coloration mechanisms of these optical properties and 
the corresponding structures also has crucial implications for biomimicry, includ-
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In this chapter, the biophotonic nanostructures and optical properties for two 
species of Papilio butterflies, Papilio Ullysess and Papilio Blumei, will be inves-
tigated. We will explore their coloration mechanisms, especially the correlation 
between their nanostructures and optical properties (e.g. polarization, colors 
mixing). The role of the structures of the ridges and the concavities, as well as the 
profile of the concavities on the colors mixing and polarization effect will be 
examined. The reflectance spectra under normal and 45
o
 illumination of these two 
species of butterflies will be discussed as well. A deep and comprehensive under-
standing on this matter will help us not only to study some animal’s behaviors, but 
also to mimic the structural colors in nature.  
3.1.2 Black wing scales of butterfly 
Besides the wing scales with vivid colors, ultra-black wing scales exists across 
the fore and dorsal wings of Papilio butterfly. Ultra-black surfaces with low 
reflectance are ubiquitous in animate systems. They form essential components of 
the visual appearance of most living species and can explicitly influence other 
biological functions such as thermoregulation.  
Ultra-black surfaces that absorb 99.6% of incident light have recently been 
produced by chemical etching of electro-deposited nickel–phosphorus100,101. It 
was found that optimum phosphorus content and etching regime were required to 
produce the appropriate surface morphology to minimize this reflectivity and thus 
enhance the absorption. Such ultra-blackness is technologically crucial in areas 
associated with the operation of optical instruments, it is also important in natural 
systems. For instance, controlled absorption of incident solar radiation  is  the  
principal  method  of  temperature  regulation  in  most  insects. The quality of 
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blackness, or the quality of light absorption on an insect’s surface, will influence 
its wing and body temperature. The visual appearance of many brightly colored 
creatures is influenced by both the quality of the dark frame that surrounds their 
color regions as well as the absorbing medium beneath them. A strongly back-
scattering substrate is required to create a saturated reflection of the structurally 
colored region in these creatures
102
. Therefore, there is a need for effective broad-
band absorption to augment bright color.  
The blackness associated with most of the opaque surfaces of low reflectivity 
has until now been attributed to strongly absorbing pigmentation alone. Here, we 
demonstrate that in addition to the requirement of absorbing pigmentation, com-
plex nano-structures contribute to the low reflectance of certain natural surfaces
103
. 
In this chapter, we quantify the optical absorption associated with black wing 
regions on the butterfly Papilio Blumei and find that the nano-structure of the 
wing scales of these regions contributes significantly to their black appearance. 
3.2 Results and discussion 
3.2.1 Observation and spectral analysis of the structural colors in Papilio 
Butterflies 
To a human observer, P.Ulysess and P.Blumei are distinct by their respective 
bright blue and green coloration (Fig. 3.1). To quantify the structural coloration of 
the butterflies’ wings, the UV-Visible ( =200-850nm) reflectance spectra for the 
two species of butterflies were measured and given in Fig. 3.2. In Fig. 3.2a, the 
reflectance spectra of P.Ulysess for both normal (black curve) and 45
o
 incident 
light (red curve) are shown. Two separated peaks can be identified from the 
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spectra of the two incident angles. Under normal incident light, a main peak 
locates at ~ 550nm and a small peak at ~380nm. However, the positions of the 
spectral peaks shift under 45
o
 incident light: the main peak shifts to ~350nm and 
the small peak to ~550nm. These apparent shifts of the spectral peaks indicate that 
the coloration in the blue scales of P.Ulysees is iridescent. And the two distinct 
spectral peaks of P.Ulysess suggest the possibility of colors mixing mechanism, 
which leads to the blue coloration in P.Ulysess wings. Unlike P.Ulysess, the 
reflectance spectra of P.Blumei for normal incident (black curve) and 45
o
 incident 
(red curve) light almost overlap with a broad peak ranges from 480nm to 620nm 
(Fig. 3.2b).  
 
Figure 3.1. Photograph of (a) P. Ullysess and (b) P. Blumei butterflies showing 
their blue and green colors. 
a 
b 
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Figure 3.2. Measured reflectance spectra for (a) P. Ullysses and (b) P. Blumei, 
black lines indicate spectra for normal incident light while red lines are spectra for 
45
o
 incident light 
Here two questions need to be addressed. Firstly, which corresponding parts of 
the iridescent scales of P.Ullysess are responsible for the two distinct spectral 
peaks? Secondly, why does the spectrum remain the same at different incident 
angles for P.Blumei?  In the following session, we will examine the microstruc-
tures and the related optical properties of the colorful scales for these two species 
of butterflies to answer these questions. 
a 
b 
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3.2.2 Structural characterization and optical properties of the structural 
colored wing scales of Papilio Butterflies 
The microstructures of colorful wings of P.Ulysses and P.Blumei were charac-
terized by field emission scanning electron microscope (FE-SEM) (Fig. 3.3). The 
surface of their wings is composed of millions of scales. The scales of P.Ulysess 
are of a size around 150×90 µm
2
, and consist of a fairly regular array of concavi-
ties (Fig. 3.3a). The profile of the concavities is almost flat (Fig. 3.4a). The ridges 
run through the full length of the scales with a periodicity of 4-5µm. The details of 
the period structure of a ridge are displayed in Fig. 3.4b, and inset of Fig. 3.4b 
illustrate the structure schematically. The main ribs are of a thickness (d1) of 
~70nm with the inter-distance (D1) of ~70nm. Two adjacent ribs are bound 
together by a row of smaller sub-ribs with a thickness of ~60nm (d2) and an inter-
distance of ~100nm (D2). This configuration constructs a 2D array of 70nm  
100nm rectangular air squares surrounded by organic cuticle layers (the main and 
sub-ribs) with a periodicity of ~140nm (D1+d1) along its length direction and 
~160nm (D2+d2) along the main ribs. This long-range ordered structure with a 
very small periodicity can be considered to be a 2D photonic crystal slab tilt about 
30
o 
with respect to the surface of the scales
30
. Therefore, the ridges exhibit typical 
structures of class 1 or Morpho type. The scales of P.Blumei have a size of 
~180×100µm
2
, and the surface also consists of a fairly regular array of concavities 
(Fig. 3.3b). Different from P.Ulysess, the concavities of P.Blumei are cap shaped, 
with 4-6μm in diameter, and their profile is much deeper than P.Ulysess (Fig. 
3.4d). The inclined sides of each concavity tilt ~45
o
 with respect to the horizontal 
surface, and the opposites of each concavity are perpendicular to each other. The 
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ridges run through the full length of each scale with a periodicity of 7-8μm. 
Compared with that of P.Ulysess, the ridges are smaller and have no significant 
multi-layered structures (Fig. 3.4e).  
        
 
Figure 3.3. SEM images of the scales on the surface of (a) P.Ullysess, and (b) 
P.Blumei b.  
   To obtain the detailed structure of the scales, the transverse cross section struc-
ture was examined for the two species of butterflies. The transverse cross section 
for the scales of P.Ulysess consists of 21 alternative cuticle and air layers (Fig. 
3.4c), which share almost the same thickness (~95nm). The section structure for 
the colorful scales of P.Blumei is similar with P.Ulysess, except the concavities’ 
profile and the thickness of each layer (~110nm) (Fig. 3.4f). Therefore, the 
concavities for these two species of butterflies possess structural properties of 
class 2 type.  
 
a b 
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Figure 3.4. SEM images of the concavities (a), ridges (b) and transverse cross 
section (c) structures for Papilio Ullysess, SEM images of the concavities (d), 
ridges (e) and transverse cross section f structures for Papilio Blumei. 
The optical microscopy images of the two species of butterflies under normal 
incident light and linear polarized light were carried out in order to acquire their 
optical properties (Fig. 3.5). When illuminated and observed at normal incident 
light, the concavities in P.Ulysess appear to be green and the flat portions between 
and in the concavities of P.Blumei reflect yellow. Furthermore, in P.Blumei, the 
inclined sides around concavities reflect blue light. However, upon crossing an 
input linear polarizer with an exit analyzer, the green reflected light in P.Ulysess 
and the yellow color in P.Blumei almost disappear while the deep purple (near-
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back. This implies that the purple and the blue reflected light are not altered by the 
polarizers.  
 
Figure 3.5. Optical microscopy images of the butterflies. (a) Bright field image 
and (b) taken under crossed polarizers for P.Ullysess. (c) Bright field image and (d) 
taken under crossed polarizers light for P.Blumei. Scale bar: 20μm 
  As mentioned, there are two peaks in the reflectance spectra of P.Ulysess. 
Therefore, the blue coloration perceived by human eyes is a mixture of these two 
peaks. Comparing with the optical microscopy image (Fig. 3.5a and Fig. 3.5b), 
under normal incident light, the main peak (550nm) is produced by the green 
colored concavities and the small peak (380nm) is produced by the deep purple 
colored ridges. In addition, the reflectance spectra for normal and 45
o
 incident 
light differ greatly, suggesting the coloration of the colorful scales in P.Ulysess is 
angle-dependent. In contrast, the reflectance spectra of P.Blumei are almost the 
same under normal and 45
o 
illumination light. The green color of P.Blumei is 
produced by mixing the yellow and blue colors reflected from the concavities. In 
a b 
c d 
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this process, the blue color undergoes a polarization conversion, meaning that a 
bi-reflection occurs from the inclined sides of the concavities.  
3.2.3 Structural coloration mechanisms of the Papilio Butterflies 
To obtain an in-depth understanding on the colors mixing strategies of these 
two species of butterflies, the coloration mechanisms were explored theoretically. 
Based on the plane-wave expansion method
104,105 
as described in Chapter 2, the 
reflectance spectrum by a multi-layer structure can be predicted by the transfer 
matrix method.  
To find the structural origin of the two characteristic peaks in the measured 
reflectance spectra for P.Ulysess, we first analyze the structure given in Fig. 3.3. 
The transverse cross section of the concavities reveals a multi-layer structure 
composed of 21 alternative cuticle and air layers. These cuticle and air layers 
share almost the same thickness (~95 nm). The refractive index of the cuticle layer 
is 1.56 
22
. For the air layer, it consists of disordered cuticle particles with a density 
(C) of ~20% (Fig. 3.6a). Thus, the effective refractive index of the air layer can be 
acquired based on the density of the cuticle particles: neff = 1.56C+ (1-C) ≈1.11. 
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Figure 3.6. a: The air layer structures for the multi-layered scales, some cuticle 
particles distribute on the surface of the air layer. Inset is 2D Fast Fourier Trans-
form of the image, which proves that the cuticle particles are randomly distributed.  
b: The densities of the cuticle particles on different layers are different, as well as 
the refractive indexes of the air layers. The value of density and refractive index 
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Figure 3.7. Theory calculated reflective spectra for (a) P.Ulysess and (b) P.Blumei 
according to the multi-layer structures of their concavities, black lines are spectra 
for normal incident light and red lines are for 45
o
 incident light. For P.Ulysess, the 
spectral peak reflected by concavities is 550nm under normal incident light and 
380nm under 45
o
 incident light. For P.Blumei, the spectral peak reflected by the 
flat portions of concavities is 600nm under normal incident and 450nm under 45
o
 
incident light.    
 
The reflection peak produced by the concavities can be calculated based on Eq. 
(1): ~550nm for normal incident light, and ~350nm for 45
o
 incident light (Fig. 
3.7a). However, the situation for the ridges is totally different. As described in 
a 
b 
      47 
section 3.2, the ridges can be considered as 2D photonic crystal slabs, and tilt ~30
o
 
with the horizontal surface. The normal incident light interacts with
 
the main ribs 
at 60
o
 (Fig. 3.8a), and produces a reflectance peak at ~380nm, while the 45
o 
incident light interacts with the main ribs at 15
o
 (Fig. 3.8b), and gives rise to a 
reflection peak at ~550nm. Therefore, the two spectra peaks originating from the 
concavities and the ridges could be observed for both normal and 45
o
 incident 
light. Under normal incident light, the main peak is at ~550nm (produced by 
concavities) and small peak at ~380nm (produced by ridges). Under 45
o
 incident 
light, the main peak shifts to ~350nm (concavities) and the small peak to ~550nm 
(ridges). These theoretical results are in excellent agreement with the experimental 
measurements (Fig. 3.2a). The spectral peaks of P.Ullysess for two illumination 
cases are summarized in Table 1.  
 
Figure 3.8. Illustration of the coloration mechanism of the ridge on the scale 
surface of P.Ullysess. (a) The normal incident light interacts with the main ribs at 
an angle ~60
o
, and (b) ~15
o
 for the 45
o
 incident light. 
Measurement &Theory                     Main peak             Small peak 
Normal incident                 550nm (by concavity)     
             350nm (by concavity)    
380nm (by ridge) 
45
o
 incidence 550nm (by ridge) 
Table 3.1. Illustration for the two reflection peaks of P.Ullysess. 
a b 
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 The cap shaped concavities of P.Blumei are also composed of 21 alternative 
cuticle and air layers with a thickness of ~110nm. For normal incident light, the 
calculation predicts that the reflection peak resulted from the flat portions locates 
at 600nm (Fig. 3.7b), in agreement with the yellow color observed under optical 
microscopy. The inclined sides of each concavity tilt ~45
o
 with respect to the 
horizontal surface, and the opposites of each concavity are perpendicular to each 
other. As illustrated in Fig. 3.9a: the normal incident light, reflected from one 45
o
 
side, travels across the concavity to the opposite orthogonal side, and then reflects 
backward in parallel to the original incident direction. The reflection peak origi-
nated from the inclined sides of the concavity is 480nm, in accordance with the 
blue color observed under optical microscope. Through this bi-reflection process, 
the blue reflected light undergoes a polarization conversion. As a result, it sur-
vives upon the crossed polarizers (Fig. 3.5d). Under 45
o 
light, the reflection peak 
arising from the flat portions is 480nm (blue color); while the inclined sides is 
incident normally by the light, and gives rise to a reflection peak locating at 
600nm (yellow color) (Fig. 3.9b). Therefore, for normal and 45
o 
incident light, the 
cap shaped concavities both produce yellow and blue colors. These two colors 
mix up the green coloration caught by human eyes. This gives answer to the 
question why the reflectance spectra are almost overlapped for these two cases 
illumination. In Table 2, we summarize the reflectance peaks for P.Blumei in two 
cases illumination. 
  We notice that many studies show that the eyes of the butterflies have a duplicat-
ed gene, allowing them to see ultraviolet colors and distinguish the spectral 
properties and spatial distribution of the visual colors
106
. And also, they are 
sensitive to the polarized light. Therefore, the knowledge on the structural origina-
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tion of the two reflection peaks and polarization property of butterfly wings would 
have broad biological implications
107,108
. Furthermore, with the understanding of 
the correlation between the optical properties and the corresponding structures, 
researchers could be able to find a way to mimic natural structural colors with 
designated properties. Evidently, the ability to mimic the structural color with its 
spectacular function will broaden the biomimicry field in the design of structural 
color materials targeted for ultra and smart performance. 
 
 
Figure 3.9. Illustration of the coloration mechanism of P.Blumei’s concavities 
under normal incident light (a) and 45
o
 incident light (b).  
Measurement 
&Theory 
Flat portions Inclined sides 
Normal incident 600nm (yellow) 480nm (blue) 
45
o
 incidence 480nm (blue) 600nm (yellow) 
Table 3.2. Illustration for the colors mixing mechanism of P. Blumei 
3.2.4 Structurally assisted blackness in Papilio Ulysess butterfly wing Scales 
  A male Papilio Blumei butterfly was chosen for this study because it exhibits 
two regions of different blackness across parts of its wings as seen in Fig. 3.10; 
one region is deep matt black in appearance on fore wings whereas the other is 
a b 
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optically a much more lustrous black on dorsal wings. These black regions 
completely frame the intense green color of the inner regions of both fore and 
dorsal wings. Both the black parts of the fore and dorsal are hydrophobic surfaces: 




 for blackness on 
dorsal wings.  
 
Figure 3.10. The black wing scales of Papilio Bluei, and their contact angles  
Optical absorption spectra of the black scales on both fore and dorsal wings 
were measured using spectrometer (Ocean Optics, USB 2000). To examine the 
extent that microstructure played in the optical absorption associated with black 
wings, the optical experiments were repeated while the scale on its needle was 
immersed in butonal. This process matches the refractive index of the scale 
material to that of its surroundings and effectively eliminates the optical functions 
of the scales’ nanostructure. Light incident on the wings will therefore only be 
subject to the absorption pigments within it, and not to any interference, scattering 
or diffractive effects associated with the scale nano-structure.  
The data in Fig. 3.11 shows the difference in absorption between black region 
before and after the structure has been index matched by butonal. For black wing 
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from the matt black region of wing, the immersion in butonal causes a 50% 
decrease in the optical absorption of the scale; for black wings from the lustrous 
region, there is a 20% decrease in this absorption.  
 
Figure 3.11. The wavelength-dependent absorption (at normal incidence), in air 
and immersed in butonal of black scales from the matt black region (a) and the 
lustrous black (b).  
The evidence from the index-matching experiments clearly shows that effective 
removal of the scale structure (by immersion in index-matching fluid) reduces the 
optical absorption of the scale. Without such a nanostructure, even with the same 
quantity of absorbing pigment, each scale would be a less efficient absorber of 
a 
b 
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incident radiation; backscatter from the scales and wing substrate beneath these 
scales would create the appearance of a wing surface of inferior blackness. 
 
Figure 3.12. The nanostructure of the black sacles from two regions of wing of 
Papilio Blumei. (a), (b) SEM images of the surface of the wing scales from the 
lustrous black regions with low and high magnifications, respectively. (c), (d) 
SEM images of the surface of the wing scales from the matt black regions with 
low and high magnifications, respectively. 
The structure of the black scales of P. Blumei (Fig. 3.12) is typical of deep matt 
and lustrous black scales found on many other Lepidoptera. Periodic ridges, of 
pitch 2–3 µm run the length of these scales. Between their ridging, scales from 
both regions exhibit a periodic lattice work of struts and walls that extend from the 
surface toward the scale substrate beneath. The change in optical absorption, on 
immersion in index-matching fluid, is different for both scale types. This is solely 
a consequence of their structural differences, which are particularly evident in 
images of the scale structures (Fig. 3.12b & d). The scales from the matt black 
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lattice of cuticle than the scales from the lustrous black region (Fig. 3.12a & b). 
Light that is incident on this structure, therefore, is more efficiently scattered 
toward the diffusely distributed pigmentation.  
3.3 Materials and experimental 
  The two species of Papilio butterflies, P.Ullysess and P.Blumei were bought 
from insets and butterfly kingdom of Singapore.   
The reflectance and absorption spectra for butterfly wings were measured with 
an Ocean Optics USB2000 spectrometer attached to a PX-2 pulsed xenon light 
source (200-850 nm). All measurements were taken with R200-7 UV-VIS optic 
fiber reflection probe. The R200-7 consists of a tight bundle of 7 optical fibers in a 
stainless ferrule --- 1 illumination fiber surrounded by 6 read fibers. By placing 
the probe into a holder with vertical and 45
o
 inclined holes, which was above the 
sample with a certain distance, the reflected lights in different directions for 
normal and 45
o
 illumination were recorded and analyzed by OOIBase32 Spec-
trometer Operating Software.  
Bright field and polarized optical images of the colorful scales were taken by a 
conventional optical microscope (Olympus BX61). The digital images were 
captured and analyzed by the acquired image processing software (analysis 5). 
   The surface morphologies, transverse cross section structures and the inter-layer 
structures of the colorful scales on butterfly wings were characterized by a field 
emission scanning electron microscope (FE-SEM; JEOL JSM-6700F), previous 
an Pt sputtering treatment of 5-10nm.   
Additionally, a theoretical analysis for the two butterflies using transfer matrix 
method was carried out to better understand their coloration mechanisms. 
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3.4 Summary 
 Our experiment and calculation analysis reveal that the two species of butterflies 
wings exhibit bi-structural-color reflection. The blue wing scales of P.Ulysess 
reflect green and UV light, which is produced by concavities and ridges respec-
tively. The green wing scales o P.Blumei is a mixture of yellow and blue colors 
reflected by the flat portions and inclined sides of concavities. By varying the 
nanostructures and the profile of their concavities, the two species of butterflies 
exhibit totally different optical properties. Under optical microscope, the flat 
concavities in P.Ullysess’ wings create single color with no polarization effect. 
The concavities in P.Blumei generate a bi-reflection. Through a bi-reflection 
process, the blue color reflected from the inclined sides of P.Blumei’s concavities 
undergoes a polarization conversion. When illuminated with UV-Vis light, 
P.Ullysess gives rise to two reflection peaks. One originates from the concavities, 
and the other from the ridges. These two peaks shift their positions under different 
illumination conditions (normal and 45
o
 incident light). On the other hand, 
P.Blumei reflects similar reflectance spectra under these two cases illumination 
due to the special profile of the concavities. 
The evidence from light absorption experiment of the black wing scales of 
Papilio Blumei shows that nanostructure as found in many Lepidoptera assist in 
creating strong optical absorption and significantly enhances the appearance of 
black on their wings. 
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CHAPTER 4                                                                               
Mimicking of Bi-Structural-Color Reflection and Bring 
Structural Color to Fabrics 
 
4.1 Introduction 
4.1.1 Bi-structural-color reflection in biological world 
Structural colors caused by the interaction of light with certain materials of the 
nanoscale periodic structure, so-called photonics, have attracted considerable 
attention in a variety of research areas
5
. The potential applications range from 
decorations to display technologies
28,98
. Structural color has many characteristics 
that differ from those of chemical pigments or dyes. The unique colors originating 
from the physical structures are usually iridescent and metallic, and cannot be 
obtained by chemical dyes or pigments.  
In the biological world, the colorful feathers of many birds (i.e. peacock), the 
wings of various butterflies and the elytra of many beetles are good examples of 
structural coloration
13,23,92,94
. Apart from the aforementioned properties, natural 
structural colors produced by these animals also give rise to additional optical 
properties. For instance, the brown barbules of peacock feathers adopt mixed 
structural coloration
13
; the green wing scales of Papilio Blumei produce polariza-
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tion effect and bi-structural-color reflection
14
. In particular, bi-structural-color 
reflection is responsible for various crucial functions in the animal kingdom. The 
widespread evidence indicates that animal photoreceptors can distinguish different 





that the bi-structural-color reflection of certain butterflies cover both the visible 
and UV ranges, which may serve as communication and mating signals
106,107
. 
Evidently, the construction of an effective and simple way to produce multiple-
structural-color reflection covering UV, visible and infrared (IR) ranges simulta-
neously may point to a new direction in multi-functional photonic materials 
engineering. Notice that although there have been numerous attempts in the 
mimicking of natural structural colors
30-35,37,45
, no much attention has been fo-
cused on the bi-structural-color reflection. 
Bi-structural-color reflection can be created by different manners in the biologi-
cal world
14-15,110
. As we described in Chapter 3, under normal incident light, the 
blue scales P. Ullysess generate a bi-reflection peaks. The concavities on the wing 
scales show a visible reflection peak at wavelength of λ=550 nm, which gives rise 
to the green coloration; the ridges on the wing scales show a UV reflection peak at 
wavelength of λ=380 nm. The green wings of P.Blumei generate an abnormal 
bicolor reflection under optical microscope. The bright green colored areas on P. 
Blumei wing result from a juxtaposition of blue and yellow light reﬂected from 
different microscopic regions of concavities on the wing scales. The aforemen-
tioned bi-structural-color reflection produced by the two Papilio butterflies are of 
different structural origins: in P.Ullysess it is produced by two different types of 
ordered structures of the wing scales, while in P.Blumei it is produced by the 
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different illumination angles from different parts of the wing scales, which share 
the same ordered nano-structure. 
M. Kolle et al.
35
 employed the combined techniques of layer deposition tech-
niques, i.e. colloidal self-assembly, sputtering and atomic layer deposition, to 
fabricate a concave and multi-layer structure in order to mimic the color mixing 
and polarization effect of the green wing scales of P. Blumei. The approach is 
advantageous in that they can fabricate a periodic dielectric structure on the 
surface, which can control the reflection angle at the different locations of the 
surface. However, in spite of the advantage of sculpting sophisticated nanostruc-
tures in a well controlled manner, a cost-effective manufacturing scheme to 
generate bi-structural-color reflection over a large area is hard to achieve owing to 
the complicity of fabrication and precision of control. 
Here, we present a new approach to design and construct biomaterials of bi-
structural-color reflection by taking advantage of the particular photonic band 
structure of inverse opals. This will not only simplify the processing procedures 
and overcome the limitations of previous approaches, but also be capable of 
tuning the wavelengths of bi-structural-color reflection peaks easily. The material 
to be adopted in this work is silk fibroin. Silk fibroin has recently emerged as a 
highly promising biomaterial in various applications (i.e. biomedical industry), 
owing to its excellent mechanical and optical properties, biocompatibility, biodeg-
radability and implant ability
50,58,111-113
. In this regard, the rapid production of silk-
fibroin inverse opals with bi-structural-color reflection in both UV and visible 
(UV/visible), visible and IR (visible/IR), and UV and IR (UV/IR) ranges will be 
demonstrated. We can implement the control of the wavelengths of bi-structural-
color reflection peaks by adjusting the pore size of inverse opals.  
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4.1.2 Structural color in eco-dyeing engineering 
With reference to the textile industry, coloring or dyeing of fabrics, especially 
silk fabrics, is challenging. In addition, color fading due to leaching or oxidation / 
bleaching is a typical problem in the industry. Fabricating structural color turns 
out to be another option in dyeing engineering. Compared with chemical color or 
pigments, structural color is brighter, more deeply saturated, free from 
photobleaching, and longer lasting
23
. There are also significant challenges for 
placing structural colors on fabric. Here, silk fabrics with structural color were 
fabricated to demonstrate the potential applications of silk-fibroin photonic 
structures in eco-dyeing engineering. 
4.2 Results and discussion 
4.2.1 Calculation of photonic band structure of colloidal crystal template 
and silk fibroin inverse opal 
By analogy to electron waves in a crystal, light waves in a three dimensionally 
periodic structure should be described by band theory, which is known as photon-
ic band structure. If the depth of refractive index modulation of photonic crystal is 
sufficient, then a photonic band gap (PBG) could open up
114
. The optical proper-
ties of photonic crystals, such as the number, position and width of reflection 
peaks, can be predicted from their photonic band structure. Our calculation of 
band structure of the colloidal crystal and silk fibroin inverse opal with a FCC 
structure was performed by the plane-wave expansion method for vector waves as 
described in Chapter 2
86,115
.        Fig. 4.1 shows the band structure for the colloidal 
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crystal along high symmetry directions in the FCC Brillouin zone, the refractive 
index of colloid particles are taken as 1.59. A partial photonic band-gap (a/λ=0.6) 
exists along Γ to L direction. 
 
Figure 4.1: Photonic band structure of colloidal crystal 
To show that a silk-fibroin inverse opal can produce bi-structural-color reflec-
tion, its photonic band structure is calculated as shown in Fig. 4.2a. In the 
calculations, the silk-fibroin inverse opal is assumed to consist of air spheres 
arranged in the face-centered cubic (FCC) lattice with silk fibroin filled in the 
remaining regions. The refractive index n of silk fibroin is 1.54, taken from Ref. 
116. Obviously, there is no complete (for all directions) photonic bandgap due to 
the fact that the refractive-index contrast between silk fibroin and air is not big 
enough. However, along the Γ-L direction there exist two partial photonic 
bandgaps at different frequencies. For light incident along the Γ-L direction strong 
reflections are expected for frequency within the two partial photonic bandgaps, 
leading to bi-structural-color reflection at two different frequency or wavelength 
ranges. Note that the mid-gap frequencies of both partial photonic band gaps 
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increase along the direction from L to U, suggesting that the resulting bi-
structural-color reflection is iridescent, in other words, the two reflection peaks 
will undergo a blue shift in wavelength for light incidence varying away from the 
Γ-L direction.  
Obviously, we can implement the following approaches to adjust the bi-
structural-color reflection offered by inverse opals. i) For an inverse opal, the 
positions of the two reflection peaks (λ1 and λ2) and their separation between them 
(λ) can be adjusted by changing the lattice constant a since the mid-gap frequen-
cies are inversely proportional to a. ii) Once the lattice constant a is given, λ1, λ2 
and λ can be adjusted by changing the refractive indices of the constituent materi-
als. iii) If a and constituent materials are given, λ1, λ2 and λ can be changed by 
varying the illumination angle, similar to the case as indicated for P. Blumei. 
For a silk-fibroin inverse opal, the mid-gap wavelength of the first partial pho-
tonic bandgap is at λ1 = 1.429a, that of the second partial photonic bandgap occurs 
at λ2 = 0.685a, and their separation is λ = 0.744a (For more details see Methods). 
Therefore, to obtain a silk-fibroin inverse opal with visible/IR reflection peaks, the 
first peak (λ1 = 1.429a) should be located within the IR region (> 700 nm) and the 
second (λ2 = 0.685a) should fall into the visible region (400-700 nm) (Fig. 4.2b). 
In this case, a suitable lattice constant (584 nm < a < 1022 nm) should be adopted. 
Similarly, we can obtain silk-fibroin inverse opals having UV/IR or UV/visible 
reflection peaks by adopting corresponding lattice constants.  
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Figure 4.2. a, The calculated photonic band structure of a silk fibroin inverse opal 
along the high-symmetry points in its first Brillouin zone. Two photonic band 
gaps (red lines) occur along the direction from Γ to L, one locates at λ1= a/0.7 and 
the other at λ2= a/1.46, the inset is the first Brillouin zone of photonic crystal with 
the FCC structure. b, Illustration of the bi-reflection effect of the resulted silk 
fibroin inverse opal.  
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4.2.2 Colloidal crystal templates 
Colloidal crystals with the FCC structure were grown from a given size of 
monodispered polystyrene colloidal spheres as described in Chapter 2. The growth 
of colloidal crystals on a given substrate is one of the rate determining steps to 
acquire silk fibroin inverse opal films, which were achieved through evaporation 
induced self-assembly process
117,118
. In this session, we focus to demonstrate the 
colloidal crystals with photonic band gap locate in the visible part. Fig. 4.3a shows 
the scanning electron microscopic image (SEM) of colloidal crystal fabricated by 
240nm colloidal spheres. The sharp peaks of the Fast Fourier Transformation 
(FFT) in the image (the inset of Fig. 4.3a indicate the fact that the quality of the 
FCC colloidal crystal is high. Colloidal crystals prepared by polystyrene colloidal 
spheres of different diameters (D) have the same FCC structure, except the lattice 
constant. The reflectance spectra of 200nm colloidal crystal and 240nm colloidal 
crystal are shown in Fig. 4.3b. The reflection peak of 200nm colloidal crystal 
locates at ~460 nm, which reflect a blue structural color (Fig. 4.3c(i)), and the 
peak position of 240nm colloidal crystal is ~560nm, reflecting a green structural 
color (Fig. 4.23(ii)).  
The reflection peak of the colloidal crystals can be directly compared with the 
band gap along the direction from Γ to L in the band structure. From the compari-
son (Table 4.1), the calculated band structure agrees well with the experimental 
observations. 
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Figure 4.3. a, SEM images of 240nm colloidal crystal. b, Reflectance spectra of 
200nm and 240nm colloidal crystals. c, Structural color reflected by 200nm and 
240nm colloidal crystals. 

















200 nm 282.8 471 470 (blue) 
240 nm 340 565 560 (green) 
 
Table 4.1. Comparison of calculated band structure and measured reflection peak 
of colloidal crystal. 
4.2.3 Silk fibroin inverse opals with bi-structural-color reflection  
The procedure of fabrication of silk fibroin inverse opals is introduced in Chap-
ter 2. Fig. 4.4 shows the scanning electron microscopic (SEM) images of a 
colloidal crystal template and a resulting silk-fibroin inverse opal fabricated using 
700 nm colloidal spheres. The sharp peaks in the FFT pattern (the inset of Fig. 
4.4a indicate that the quality of the FCC colloidal crystal is high. The SEM images 
of the silk-fibroin inverse opal at low and high magnifications are displayed in Fig. 
4.4b and Fig. 4.4c, respectively, which show the highly ordered hexagonal struc-
ture. The sharp FFT pattern (the inset of Fig. 4.4b) also verifies the high quality of 
the inverse opal. The inset of Fig. 4.4c displays the details of one cavity in the 
inverse opal structure, where the three channels connecting to the adjacent pores 
can be seen. This is the corresponding structure giving rise to the bi-structural-
color reflection in photonic crystals
119,120
. The transverse cross-section shown in 
Fig. 4.4d indicates that the thickness of the obtained silk-fibroin inverse opal is 
about 20 layers of ordered hollow silk-fibroin spheres. Notice that while the 
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cracking is a common issue in other inverse opals, silk-fibroin inverse opals 
display significantly improved perfection and the enhanced rupture/crack re-




Figure 4.4. Scanning electron microscope (SEM) images of colloidal crystal and 
silk fibroin inverse opal fabricated by 700nm colloidal spheres. (a) SEM images 
of the colloidal crystal, the inset - the Fast Fourier Transformation (FFT). (b), (c) 
Images of the silk fibroin inverse opal with low and high magnifications. The inset 
in (b) is the FFT of the inverse opal structure. The inset in (c) is the detailed 
structure of one cavity of the inverse opal structure. (d) Transverse cross section 
structure of the silk fibroin inverse opal. 
In the following, we exemplify that we can attain silk-fibroin inverse opals with 
bi-structural-color reflection located at UV/visible, UV/IR and visible/IR. In this 
concern, polystyrene colloidal spheres with different diameters (350 nm, 450 nm, 
500 nm and 700 nm) are chosen. Fabricated silk-fibroin inverse opals are charac-
terized both spectrally and optically, shown in Fig. 4.5. The first example is a silk-
fibroin inverse opal fabricated with 350 nm colloidal spheres. As shown in Fig. 
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4.5a, two reflection peaks exist with one at UV (~285 nm) and the other at the 
visible (~590 nm), showing an orange structural color to our perception. The 
separation between the two peaks is λ=310 nm. The 450 nm silk-fibroin inverse 
opal (Fig. 4.5b) gives rise to one peak located in the UV range (~380 nm) and the 
other in the near IR range (~800 nm). Both are invisible to the human eye. The bi-
structural-color reflection of the 500 nm silk fibroin inverse opal (Fig. 4.5c) shows 
that one peak is located in the visible (~ 430 nm) and the other in the near IR 
(~870 nm). The visible reflection peak gives rise to a purple structural color. The 
700 nm silk-fibroin inverse opal (Fig. 4.5d) should display two reflection peaks 
with one peak (~ 620 nm) in the visible, producing a red color and the other in IR 
which is beyond the detection range of our spectrometer.  
 
Figure 4.5. The measured reflectance spectra for silk fibroin inverse opals fabri-
cated by 350nm (a), 450nm (b), 500nm (c) and 700nm (d) colloidal spheres, 
respectively. The inset of (a) is the orange color observed under optical micro-
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scope for 350nm silk fibroin inverse opal, the insets of (c) and (d) are purple and 
red colors produced by 500nm and 700nm silk fibroin inverse opals. 
As discussed before, the partial photonic bandgaps are direction-dependent. The 
two peaks of the bi-structural-color reflection should undergo a blue shift in 
wavelength with the incident angle changing from normal to oblique. Our experi-
mental results show that as the incident light angle increases, the bi-reflection 
peaks vary approximately as λ0 cosθ, where θ is the incident angle and λ0 is the 
peak wavelength under normal incidence
118
. For the 700 nm silk-fibroin inverse 





) with respect to the normal of the (111) plane (Fig. 4.6a). The 620 nm peak 
under normal incidence disappears quickly as θ increases to 15o. With the further 
increment of incident angle, another peak appears once θ reaches 45o. Both peaks 
undergo a blue shift with the increment of incident angle. The blue shift of the 
reflection peaks can be understood by the fact that the two partial photonic 
bandgaps increase their mid-gap frequency along the L-U direction, implying that 
the resulting reflection peaks should shift to low wavelengths with the increment 
of incident angle. 
Silk-fibroin inverse opals prepared by polystyrene colloidal spheres of different 
diameters have the same FCC structure, except the lattice constant. We notice that 
although the radius of the air spheres in a silk-fibroin inverse opal is determined to 
a large extent by the radius of colloidal spheres, the SEM images reveal that the 
actual size of air spheres shrinks about 10-20% compared with the size of colloi-





consequence is that we have to consider the shrink of the lattice constant in the 
design of a silk-fibroin inverse opal. Moreover, when comparing the measured 
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reflection peaks with the calculated mid-gap wavelengths of the partial photonic 
bandgaps along the Γ-L direction, we should take the measured lattice constant. 
Table 4.2 gives the measured lattice constant of fabricated silk-fibroin inverse 
opals, and corresponding predicted and measured reflection peaks. It is obvious 
that the predicted reflection peaks agree well with the measured ones. This 
indicates ambiguously that the bi-structural-color reflection in silk-fibroin inverse 
opals stems indeed from the two partial photonic bandgaps along the Γ-L direction. 
 
Figure 4.6. Angular resolved reflectance spectra of 700nm silk fibroin inverse 
opal. a, Geometry of the angle resolved reflectance spectroscopy, b, measured 
angular reflectance spectra for 700nm silk fibroin inverse opals. 
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Previously, the silk optical devices are limited to 1D and 2D micropatterning 
silk-fibroin films (for example, diffraction gratings, microlens arrays, 2D diffrac-
tive optics, etc.)
116,123,124
. Implementing 3D silk photonic crystals of the inverse 
opal structure, we can expand silk-fibroin optical devices to the 3D mode. The bi-
structural-color reflection effect of silk-fibroin inverse opals can be made for bio-
coating materials, tissue engineering and cosmetic applications, etc.
125,126
. Fur-
thermore, their partial photonic bandgaps are not limited to the range from UV to 
near IR, and they can be easily extended to other parts of the spectrum, e.g. far IR, 














350 nm inverse opal 415 nm 592 nm 284 nm 285 nm & 590 nm 
450 nm inverse opal 560 nm 810 nm 383 nm 380 nm & 800 nm 
500 nm inverse opal 620 nm 885 nm 424 nm 430 nm & 870 nm 
700 nm inverse opal 900 nm 1285 nm 616 nm 620 nm 
 
Table 4.2. Measured lattice constant and comparison of the measured and calcu-
lated reflection peaks.  
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4.2.4 Bring structural color to silk fabrics 
By fabricating the silk photonic crystals onto the surface of fabrics, we can 





instance, we can acquire the UV protective textiles by adjusting the 2
nd
 reflection 
peak in the UV range. Similarly, the thermal insulating performance can be 
achieved by locating the 1
st
 reflection peak in the IR range, which will create auto 
cooling textiles in a hot summer if the structure is generated in the outer layer of 
textiles. On the other hand, it will preserve our body heat in a cold winter if the IR 
reflecting structure is generated in the inner layer of textiles.  
The band-gaps or the respective reflection peaks will be tuned from ultraviolet 
to near-infrared by controlling the lattice constants of the photonic crystals. As 
illustrated in Fig 4.7, the three dimensional face centre cubic opal or inverse opal 
was constructed on the surface of the silk fabrics by materials assembly. Silk 
fibroin was used as binding materials to fix the opal or inverse opal on the silk 
fabrics. Silk fabrics with diversified colors were fabricated by controlling the 
lattice constants of the opals or inverse opals.  
 
 
Figure 4.7: Illustration of the diagrams of the structural colored silk fabrics 
constructed by opal (a) and inverse opal (b). 
a b 
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The UV, visible and NIR reflection peaks indicate the potential applications of 
structural color in eco-dyeing engineering. The silk opal photonic crystals with a 
structure of polystyrene (PS) spheres arranged into the ordered FCC structure can 
be fabricated on the surface of silk fabrics (Fig. 4.8, see Materials and Methods). 
As mentioned, different reflection peaks (UV, Visible and NIR) of the silk-
polystyrene photonic crystals can be achieved by changing the size of colloidal 
spheres (Fig. 4.9). As two examples, the red and golden colored silk opal fabrics 
in Fig. 4.8 were fabricated by 240nm and 270nm self assembled colloidal sphere 
photonic crystals, respectively.  
 
Figure 4.8. Creating silk fabrics with structural color. The silk photonic crystals, 
wherein PS spheres were arranged into ordered FCC structure inside silk matrix 
were created on the surface of silk fabrics. The two examples of structural colored 
silk fabrics withred (i) and golden (ii) colors were fabricated by 240nm and 
270nm self assembled colloidal sphere photonic crystals, respectively.  
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Figure 4.9. Measured reflectance spectra of the silk fabrics with different reflec-
tion peaks. The reflection peaks of silk-polystyrene photonic crystals locating in 
different parts of spectrum can be achieved by changing the size of colloidal 
spheres. The silk photonic crystal layers fabricated by 150nm colloidal spheres at 
the surface silk fabrics have a reflection peak at 370nm, which resides in the UV 
part. The reflection peaks of silk photonic crystals fabricated by 240nm and 
270nm colloidal spheres are 560nm (gloden) and 630nm (red), respectively. While 
silk photonic crystal fabricated by 320nm colloidal spheres has a reflection peak 
locating at 750nm, which is inside the Near-Infrared part.  
4.3 Materials and experimental 
Silk fibroin solution preparation:  
  The production of silk fibroin solution is well documented elsewhere
128
. In 
general, it began with the purification of harvested cocoons. Sericin was removed 
from the fibroin strands by boiling the cocoons in a 0.5wt% aqueous solution of 
sodium biocarbonate for 45 mins. Then, the fibroin bundle was rinsed thoroughly 
in DI water for several times and allowed to dry overnight. The dried silk fibroin 
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was dissolved in a saturated solution of lithium bromide (9.3M/L) at 40
o
C for 1h. 
The lithium bromide salt was then extracted from the solution through a water-
based dialysis cassette for 3 days. And remained particulates were removed 
through centrifugation (10000rpm, 15mins). The whole process produces 4% w/v 
silk fibroin solution with excellent quality and stability. The required 2% w/v 
solution was gotten by diluting the original samples.  
Fabrication of silk fibroin inverse opals:  
  The fabrication methods were described in Chapter 2. 
The calculation of the band structures of silk fibroin inverse opals:  
The numerical simulations were carried out using commercial software (RSoft 
Design). The first 20 bands were calculated for the first Brillouin zone of colloidal 
crystal and silk fibroin inverse opal. For colloidal crystal with a FCC structure, the 
refractive index of colloidal spheres was taken as 1.59. For the silk fibroin inverse 
opal, the FCC inverse opal structure was well described by overlapping the shells 
of silk fibroin, the thickness of silk fibroin shells (d2) was assumed to be 0.1 with 
respect to that of air spheres (d2). The refractive index of silk fibroin was taken as 
1.54
31
. The photonic band gap (PBG) is essentially the gap between the air-line 
and the dielectric-line in the dispersion relation of the PBG system. The photonic 
band gap for colloidal crystal locates at a/λ = 0.6; there are two PBGs in the 
calculated band structure of silk fibroin inverse opal, the 1
st
 order stop gap is at a/λ 
= 0.7, and the 2
nd
 order stop gap occurs at a/λ = 1.46.   
Fabricating silk photonic crystals on the surface of silk fabrics: 
  Polystyrene colloidal suspensions were loaded on the silk fabrics. Prior to 
loading, silk fabrics were treated through UV radiation for 20 mins to make them 
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hydrophilic. Self-assembly of the colloidal spheres occurred on the hydrophilic 
silk fabric surfaces. Then, silk fibroin solution (2% w/v) was loaded; the colloidal 
crystals were fixed on the surface of silk fabric with the drying of the silk fibroin 
solution.  
Characterization of the synthesized colloidal crystals and silk fibroin inverse 
opals:  
Field emission scanning electron microscope (SEM-JEOL 6700F) was used to 
characterize the micro-structures of the samples. Optical images were taken by 
Olympus (BX 61), reflectance measurements were carried out by UV-Vis spec-
trometer (Ocean Optics 2000) and a homemade angle-resolved reflectance 
spectrometer.  
4.4 Summary 
  In summary, silk fibroin photonic crystals with the inverse opal structure were 
chosen to implement a simple and highly effective scheme for the bi-reflection 
production. Such a scheme takes advantage of two photonic band gaps in the band 
structure for inverse opals. The positions of the photonic band gaps (reflection 
peaks), as well as the separation between the two band-gaps can be simply adjust-
ed by tuning the lattice constant of the inverse opal structure or the refractive 
index of materials. The bi-reflection covering UV/visible, UV/NIR, visible/NIR 
parts of the spectrum were fabricated by controlling the lattice constant of silk 
fibroin inverse opals. The strategies of fabricating silk based photonic crystals in 
eco-dyeing and multi-functionalizing silk fabrics are analyzed.   
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CHAPTER 5                                                                            
Humidity Responsive Silk Fibroin Inverse Opal 
 
5.1 Introduction 
5.1.1 Responsive photonic crystals 
Responsive photonic crystals (RPCs) are materials with photonic band-gap 
properties that can be tuned by external stimuli
129
. There  is  a  strong  demand  for  
photonic  materials  with properties  that  can  be  tuned  by  external  stimuli.  
These responsive photonic crystals have important applications in areas such as 
color displays, biological and chemical sensors, inks and paints, and many optical-
ly active components
44,130-132
. To create such materials, a stimulus-response 
mechanism needs to be coupled with the photonic crystal structure. 







can change their coloration in response to environ-
mental stimuli. For instance, the elytra golden color of beetles Tmesisternus 
isabellae is produced by a multilayer in scales which are densely imbricated on 
the elytra. This structural golden color can change to red in the dry state which is 
due to the water inﬁltration and swelling of the period of the multilayer18. The 
adaptive values of color change are usually regarded as camouﬂage, signal com-
munication, conspeciﬁc recognition, and reproductive behavior. 
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5.1.2 Humidity induced cyclic contraction of silk 
Supercontraction and cyclic contraction are two interesting inherent properties 
of the dragline spider silk. 'Supercontraction' describes the dramatic shrinking of 
dragline silk fibers when wetted
143-145
. In restrained silk fibers, supercontraction 
generates substantial stresses of 40–50 MPa above a critical humidity of ~70% 
relative humidity (RH). This stress may maintain tension in webs under the weight 
of rain or dew and could be used in industry for robotics, sensor technology, and 
other applications. Cyclic contractions allow the fiber act as a high performance 
mimic of biological muscles
146
. These contractions are actuated by changes in 
humidity alone and repeatedly generate work 50 times greater than the equivalent 
mass of human muscle. The simplicity of using wet or dry air to drive the biomi-
metic silk muscle fibers and the incredible power generated by silk offer unique 
possibilities in designing lightweight and compact actuators for robots and micro-
machines, new sensors, and green energy production. Cyclic contraction also 
occurs in silkworm silk. Subjecting silkworm silk fiber to high humidity from 
initial low humidity does not induce supercontraction, consistent with previous 
reported study
 
due to its lack of proline amino acids
147
. Further cycling of humidi-
ty levels results a cyclical pattern of high and low tensile stresses respectively 
similar to that of spider dragline silk.  
  This cyclic response produces high forces, which are completely reversible, that 
can be precisely controlled through humidity alone. Cyclic contraction results 
from a reversible loss of water during drying. The mechanism behind 
supercontraction and cyclic contraction in spider silk is hypothesized in depth by 
Blackledge
146
. Given the high similarities between spider silk and silkworm silk in 
terms of them being semi-crystalline polymer amino acid composition
148
, the 
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mechanism behind cyclic mechanism in silkworm silk would be similar to that in 
spider silk.  In short, the initial exposure to humidity results in infiltration of water 
molecules into the silk fiber. The water molecule first binds itself to the random 
coil within the amorphous region disrupting the relatively weak hydrogen bonding. 
This relaxes the silk and explains the dip in the stress strain curve when silk is first 
expose to humidity at critical threshold of 70-75%. Upon drying immediately, 
water molecules are lost only from the random coil region, rebuilding hydrogen 
bonds in the process that immobilize the silk molecules, contracting the fiber in 
the process. Subsequent wetting results in water molecules binding itself to the 
random coil region and breaking the hydrogen bonds, therefore causes the silk 
fiber to relax. In short, high humidity in cyclic contraction causes the silk to relax 
if the mobilization of silk molecules enabled by moisture is limited to the random 
coils region within the silk, by breaking the relatively weak hydrogen bonds. 
Cyclic contraction is also observed in natural fibers such as cotton and hair 
whereas it is not observed in hydrophobic synthetic fibers such as polyethylene 
and acrylic
149
. This suggests that cyclic contraction depends on the hydrophilic 
nature of the constituent amino acids.  
  The cyclic contraction of silkworm fibers further enhanced the potential applica-
tions of silk muscles as they are already available in commercial quantities. Silk 
fibres from a silkworm cocoon can be processed into various forms, ranging from 
gels, strands, sponges and blocks, through to foams and films
124
. Among the many 
possible material forms, silk films are of particular interest for biomedical optics 
because of their transparency and surface flatness, which are a direct result of the 
all-aqueous processing of the protein. These silk films are fabricated by applying 
the water-based fibroin solution onto a substrate by either spin-coating or casting. 
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The solution is left to dry in air until it crystallizes into a film with a thickness that 
can be controlled to be from a few nanometres to hundreds of micrometres. 
In this Chapter, we aim to bio-mimic the response ability of natural structural 
color by our silk fibroin inverse opals. As discussed in chapter 4, the two reflec-
tion peaks of a silk fibroin inverse opal can be tuned by changing its lattice 
constant, namely the size of colloidal spheres. Nevertheless, for a ready-made silk 
fibroin inverse opal, adjusting the reflection peaks is an issue. In the following, we 
will explore a simple and effective approach to tune the reflection peaks by 
external stimuli. In this regard, we will take the advantage of the humidity induced 
cyclic contraction property of silk to achieve responsive silk fibroin inverse opals.   
5.2 Results and discussion 
5.2.1 Humidity induced cyclic contraction of spider silk, silkworm silk and 
silk fibroin film 
  The cyclic contractions of spider silk and silkworm silk were performed using 
the setup as illustrated in Fig 5.1. To control humidity, the sample was put into a 
humidity chamber. The tensile stress was directly measured by a micro-
mechanical tester. The mechanical response of the cyclic contractions of single 
silkworm silk fiber and spider silk fiber at high (80%) and low (30%) humidity 
levels were measured (Fig 5.2). The test began at a higher humidity level, the 
tensile stresses of silkworm silk fiber and spider silk fiber were measured as lower 
values, 2.5 MPa and 7 Mpa, respectively. Drying (30%) induces stress (contrac-
tion) of both silkworm silk (~25 MPa) and spider silk (~35 MPa). The fibers then 
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relax back to its original tension as humidity is subsequently increased and the 
cycles repeat itself. It follows that both the fibers do not show obvious fatigue 
even after approximate 11000 s (three repetitions) under tension.  
Regenerated silk film preserved most if not all the composition of amino acids 
present in silkworm silk. Thus cyclic contraction should be observed in regenerat-
ed silk film. Fig 5.3 describes the cyclic contraction of regenerated silk film using 
the same setup as shown in Fig 5.1. The test began at a lower humidity level, 
initial drying induces stress (contraction) of ~5 MPa. The film then relaxes back to 
its original tension as humidity is subsequently increased and the cycle repeat 
itself. It follows that the silk fibroin film does not show obvious fatigue even after 
approximate 6500 s (three repetitions) under tension. Compared with silkworm 
fiber, the cyclic contraction of silk film is much smaller and the response time is 
longer. This might be caused by the random distribution of the β-crystals in silk 
film. 
 
Figure 5.1. Experiment setup for the measurements of the cyclic contraction (i) 
and reflectance spectra (ii) of regenerated silk films under humidity controller. 
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Figure 5.2. Cyclic contractions of silkworm silk fiber (blue line) and spider silk 
fiber (red line) 
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Figure 5.3. Cyclic tensile stress response of silk fibroin film to humidity (blue 
curve); measured reflection peaks for 350nm silk fibroin inverse opal with chang-
es of humidity levels (red curve). 
5.2.2 Humidity responsive silk fibroin inverse opals 
  Our purpose is to tune the optical properties of silk fibroin optical devices 
utilizing its cyclic contraction. To fulfill this, three-dimensional (silk fibroin 
inverse opal with structural color will be employed. As discussed in Chapter 4, 
there are two reflection peaks for silk fibroin inverse opals: one locates at λ1 = 
a/0.7, and the other locates at λ1 = a/1.46. In this study, silk fibroin inverse opals 
fabricated by 300nm and 350nm colloidal crystals are employed as their first 
reflection peaks locates in the visible part, which can be detected and character-
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ized easily. The optical properties of the samples at different humidity levels were 
directly measured using the setup in Fig 5.1(ii), where an optical microscope (ii) 
was connected to a spectrometer.  
The reflection spectra and optical microscope images of a 350 nm silk-fibroin 
inverse opal are obtained using the set-up illustrated in Fig. 5.1(ii). Our results 
indicate that the humidity induced cyclic contraction of silk-fibroin films can be 
utilized to precisely control the optical property of silk-fibroin inverse opals. As 
shown in Fig. 5.4 (red curve), the visible reflection peak of the 350 nm silk fibroin 
inverse opal exhibits a red shift with increasing humidity level. At a high humidity 
level, the decrease of the tensile stress would induce the swelling of silk fibroin, 
leading to the expansion of the silk-fibroin shells in the inverse opal (as illustrated 
in the inset of Fig. 5.6b). Besides, the water infiltration would change the refrac-
tive indices of the silk fibroin shells and air spheres. Therefore, the red-shift of the 
visible reflection peak of the 350 nm silk-fibroin inverse opal results from the 
water infiltration induced the swelling of silk-fibroin shells and the changes of 
refractive indices. On contrary, the reflection peak of the silk-fibroin inverse opal 
exhibits a blue shift with lowering of the humidity level. This will give rise to a 
precise tune of the reflection peak of a silk-fibroin inverse opal within a certain 
range. During the cyclic process, the shift of the reflection peak is also reversible. 
The structural-color change in silk-fibroin inverse opals at different humidity 
levels is quite similar to that of longhorn beetles Tmesisternus isabellae
18
.  
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Figure 5.4. The responsible reflection peak of 350 nm silk fibroin inverse opal 
during the humidity cyclic process.  
 
The reflectance spectra and optical images of the silk fibroin inverse opals un-
der different humidity levels (from 30% to 80% with a segment of 10%, Fig 5.5) 
were recorded to characterize the humidity sensitive property of silk fibroin 
inverse opal. Fig 5.6a shows the selected reflection spectra of the 350nm silk 
fibroin inverse opal under different humidity levels. It is found that the spectrum 
undergoes a blue-shift with decrement of the humidity level, which is further 
proved by the structural color changes from orange (80% RH) to yellow reflection 
color (30% RH). The reflectance spectrum for the UV peak of 350 nm silk fibroin 
inverse opal under different humidity levels is also measured. As shown in Fig. 
5.6b, the reflection peaks of the silk-fibroin inverse opal decrease almost linearly 
with lowering humidity level: The visible reflection peak of 350 nm silk fibroin 
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inverse opal shifts from 603 nm to 587 nm, and the UV peak shifts from 291 nm 
to 285 nm with lowering the humidity level from 80% to 30%. 
Fig 5.6c shows the selected reflectance spectra of the 300nm silk fibroin inverse 
opal under different humidity levels. The spectra also undergo a blue shift with 
decrement of humidity levels. The structural color changes from green to blue as 
humidity lowering from 80% to 30%. The visible reflection peak of 300nm silk 
fibroin inverse opal shifts from 539 nm to 514 nm with lowering the humidity 
level from 80% to 30%; the UV peak of 300 nm silk fibroin inverse opal shifts 
from 246 nm to 258 nm. The reflection peak also shifts almost linearly with 
decrement of humidity levels (Fig. 5.6d).  
 
Figure 5.5. Step increment of humidity level from 30% to 80% RH. 
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Figure 5.6. Reflectance spectra for 350 nm (a) and 300 nm (c) silk fibroin inverse 
opals under different humidity levels. The insets are optical microscope images 
for silk fibroin inverse opal under 30% and 80% humidity levels. Linear relation-
ship between the reflection peaks and humidity levels for 350nm (c) and 300nm (d) 
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silk fibroin inverse opals. The inset in (b) is the illustration of the swelling and 
shrinking of the silk fibroin. 
 
Notice that tunable photonic crystals, including opals and inverse opals, may be 
used in the future as optical switches for the full automation of optical circuits 
when significant improvements towards the quality of photonic crystals and their 
response time are realized. Vehicles covered with such materials may be able to 
dynamically change their colors and patterns to match their surroundings. Such 
materials might also be embedded in banknotes or other security documents for 
antifraud purposes. The hidden information cannot be revealed until an external 
stimulus is applied. The photonic effect can also be used as a mechanism to 
develop chemical and biological sensors for detecting target analyses by output-
ting optical signals. These types of crystals may also find great use as active color 
units in the fabrication of flexible display media, including both active video 
displays and rewritable paper that can be reused many times. 
5.3 Experimental  
To measure the stress generated by fibers and silk fibroin film under changing 
humidity levels, silk fiber (both spider silk fiber and silkworm silk fiber), silk 
fibroin film (thickness: 0.1 mm, width: 1.5 mm) fabricated by drying regenerated 
silk fibroin solution were adhered to cardboard mounts across 20mm gaps. Meas-
urements of stress were performed using Instron S5762A (Model 5525X Mini 
Horizontal Test System) with a 0.5 N Load Cell. The Instron was custom fit with 
an in house built chamber that controlled humidity with a range of ~30–80% RH. 
Humidity in the environmental chamber was regulated by the triton technology 
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humidity generator and controller. The 350 nm and 300nm silk fibroin inverse 
opals were put into a custom humidity controlled chamber, the surface of which is 
transparent. The optical microscope images of the samples were captured by 
optical microscope (Olympus BX61), and the reflectance spectra were recorded by 
a spectrometer (Ocean Optics, USB 2000) which was connected to the optical 
microscope. 
5.4 Summary 
In this Chapter, it is found that not only the spider silk fiber and silkworm silk 
fiber, but also the silk fibroin film exhibit humidity induced cyclic contraction. 
Our experimental results indicate that humidity responsive silk fibroin inverse 
opals are achieved by taking advantage of the humidity induced cyclic contraction 
property of silk fibroin. At a high humidity level, the water infiltration induced 
swelling of silk fibroin shells in the inverse opal structure and changes of refrac-
tive indices would induce a red-shift of the structural reflection peaks of silk 
fibroin inverse opals. On the contrary, the structural reflection peaks would 
undergo a blue-shift with lowering the humidity level.  
      89 
CHAPTER 6                                                                                  
Dynamic Control of Fluorescence Emission from Silk 
Fibroin Inverse Opal 
6.1 Introduction: 
Organic fluorescent dyes-based biological devices are used widely for meas-
urements in optoelectronic, life-science research and drug discovery, with 
applications that include DNA gene expression analysis, protein microarrays for 
disease biomarker detection, cell imaging and materials coating
150-153
. Unfortu-
nately, it can often be troublesome, limiting the performance of fluorescence in 
applications. Therefore, techniques that can dynamically control fluorescence light 
emission become essential in fluorescence applications. One aspect is to develop 
techniques that can more effectively excite and extract the light emitted by the 
fluorophores, therefore possibly leading to improvements in high-brightness light 
sources, and lowering of the detection limits in biological assays. Many strategies 
have been applied in pursuit of this aim, including fluorescence resonance energy 
transfer (FRET)
154,155
, photoinduced fluorescence enhancement (PFE)
156,157
 and 
surface plasmon resonance (SPR) of metal nanoparticles
158,159
. More recently, 
enhancement of fluorescence emission from probes on the surface of photonic 
crystals is studied
160,161
. On the other hand, inhibiting unwanted light emission and 
redistributing the energy into useful forms are desirable objectives for advances in 
some applications
162
. For example, in lasers, which are coherent light sources, 
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light emission that does not couple to the lasing mode raises the lasing threshold 
and becomes unwanted noise. As a result, there is a strong motivation to achieve 
dynamic control over the light emission: inhibit it when it is not desired or alterna-
tively enhance it when it is required.  
Fluorescence occurs when an orbital electron of a molecule, atom or nanostruc-
ture relaxes to its ground state by emitting a photon of light after being excited to 
a higher quantum state. The rate of this relaxation is determined by the photonic 
density of states and the electric-filed intensity at the position of emitters. There-
fore, when trying to control fluorescence, it is important to control the number of 
optical modes and their spatial distribution relative to the emitter. In photonic 
crystals, which have a three- or two-dimensional periodic variation of their 
refractive index on a length-scale comparable to the wavelength of interest, the 
light emission is modified because the periodic structures can be used control 
optical modes. Especially, the band-gap of a photonic crystal can inhibit light 
propagation in a certain direction for a given frequency. Hence, PCs have been 
reported to dynamically control the spontaneous emission of embedded optically-
active materials (dyes, semiconductors, etc.) 
163-166
. If a material that ordinarily 
emits light is introduced into a 3D PC, the light emission will be completely 
inhibited. Additionally, enhancement of photoluminescence by PCs has been 
reported by photonic defects
167
 and minimizing surface recombination losses of 
quantum dots at low temperature
168
. More recently, Klimov et al.
169
 have reported 
amplified spontaneous emission in semiconductor nanocrystals uniformly coated 
on opal polystyrene surfaces by reducing the group velocity at the edge of the 
photonic band-gap. Ganesh et al.
170 
demonstrated the enhanced fluorescence 
emission from quantum dots on a photonic crystal surface. The enhancement was 
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due to a combination of high-intensity near electric fields and strong coherent 
scattering effects, which were attributed to leaky eigenmodes of the PCs. Up to 
now, how to fully control the fluorescence emission, names as combine the two 
effects (inhibition and enhancement) in one system is still an open question in the 
fluorescence applications. Besides, how to construct a bio-compatible material 
with the aforementioned property is very important in bio-medical applications.  
Silk fibers from silkworm are creating new opportunities in bio-technology 
field by offering a widely available, robust, biocompatible and implantable 
material, which can be processed into various forms, ranging from gels, strands 
and sponges, through to foams and films
55,58,171,172
. Among of the many possible 
material forms, silk fibroin films are of particular interest for optics and photonics 
applications 
124
. In this chapter, we will study the “inhibition” and “enhancement” 
effects of the fluorescence by embedding organic fluorescent dye Rhodamine 6G 
(R6G) into silk fibroin inverse opals. We demonstrate that the fluorescence 
emission could be strongly enhanced by a factor of ~40 by combining the dyes 
into silk fibroin inverse opals, while within the photonic band gap (PBG) of the 
inverse opals, the fluorescence emission is inhibited. Therefore, the fully control 
of fluorescence emission from Rhodamine 6G can be achieved by the inverse opal 
structure.  
6.2 Results and discussion: 
6.2.1 Inhibition of fluorescence by silk fibroin inverse opals 
The fluorescence dyes employed in this study is Rhodamine 6G. Its lasing 
range is 555 to 585 nm with a maximum at 566nm, which is often used as a tracer 
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dye within water to determine the rate and direction of flow and transport. The 
excitation radiation in this study is UV light. R6G are embedded inside silk fibroin 
inverse opals with different lattice constants. As discussed in Chapter 4 & 5, the 
visible reflectance spectrum of 350 nm silk fibroin inverse opal ranges from 560 
nm to 590 nm, which overlaps with the lasing range of R6G. In this section, 350 
nm silk fibroin inverse opal combined with R6G molecules is chosen to study the 
influence of PBG on the emission behaviors of fluorescence. 
 
Figure 6.1. a, Bright field optical microscope image of the samples: the region 
with orange structural color has ordered inverse opal structure and the region 
without color has disordered structure. b, Fluorescence optical microscope image 
of the samples. Scale bar: 100 μm. c, Measured reflectance spectrum and fluores-
cence emission spectra for the samples. 
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Figure 6.2. a, SEM image of 350 nm silk fibroin inverse opal structure. b, SEM 
image of the silk fibroin with disordered structure. 
Fig. 6.1a is the bright field optical microscope image for the sample: the region 
with orange structural color is the 350 nm silk fibroin inverse opal, its SEM image 
is displayed in Fig. 6.2a. The region without structural color is the disordered silk 
fibroin nano-pore structure (Fig. 6.2b), which is considered to be the control 
sample. The fluorescence optical microscope image of the same regions are also 
captured (Fig. 6.1b). It is obvious that the disordered region is brighter than the 
ordered inverse opal region, meaning the fluorescence emission of R6G is inhibit-
ed by the ordered inverse opal structure. The reflection peak of the 350 nm silk 
fibroin inverse opal, measured with a light incident along its normal surface, 
locates at ~575 nm (Fig. 6.1c, blue line). The fluorescence emission spectra of the 
R6G embedded inside the inverse opal structure and disordered nano-pore struc-
ture are also measured (Fig. 6.1c, red and black lines). Same to the fluorescence 
optical microscope image, the emission intensity from the 350 nm inverse opal 
region is smaller than the control sample. As light transportation is not allowed in 
the PBG of a photonic crystal, the emission of the fluorophores cannot be extract-
ed from the inside of the inverse opal, except those on the surface of the inverse 
opal. There should be a layer of silk fibroin above the inverse opal structure, and 
the emission from the 350 nm silk fibroin inverse opal structure as seen in the 
      94 
fluorescence optical microscope image and fluorescence emission spectrum comes 
from this silk fibroin layer.  
6.2.2 Enhancement of fluorescence from inverse opal structure 
The experimental results in 6.2.1 indicate that the emission of fluorescent dyes 
can be inhibited by the band gaps of inverse opal structure. To demonstrate the 
enhancement of fluorescence emission from the inverse opal structure, we meas-
ured the fluorescence emission spectra of R6G embedded inside 500nm silk 
fibroin inverse opals with different NO. of layers. From the results in Chapter 4, 
the PBGs of 500 nm silk fibroin inverse opals do not overlap with the emission 
spectrum of R6G. 5 layers, 15 layers and 20 layers 500 nm inverse opals were 
fabricated with the same quantity of fluorophores and silk fibroin to carry out the 
measurement. As indicated in the scanning SEM images in Fig. 6.3, there exists a 
silk fibroin layer above the inverse opal structure, the thickness of this layer 
decrease with increment of the NO. of inverse opal layers. Besides, silk fibroin 
film embedded with the same quantity of R6G without inverse opal structure was 
employed as a reference. As could be seen from the fluorescence emission spectra 
in Fig. 6.4a, there is a remarkable fluorescence enhancement by embedding the 
fluorophores into the inverse opal structures. Moreover, the fluorescence intensity 
increases with the increscent of the layers of the inverse opal. Detailed analysis of 
the relationship between fluorescence intensity and the layers of inverse opal 
reveals that fluorescence emission intensity increases linearly with the increscent 
of the layers (the inset of Fig. 6.4a): a 10-fold enhancement for 5 layers, 30-fold 
enhancement for 15 layers and 40-fold enhancement for 20 layers silk fibroin 
inverse opals. As shown in the fluorescence optical microscope images (Fig. 6.3b), 
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the silk fibroin inverse opals are much brighter than the silk fibroin film, and the 
brightness increases gradually with increasing the layers. The enhancement 
property of fluorescence emission is also observable for silk fibroin inverse opals 
with different lattice constants.  
 
Figure 6.3. 500nm silk fibroin with different layers of inverse opal. 5 layers (a), 
15 layers (b) and 20 layers (c). Scale bar: 1 μm. 
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Figure 6.4. a, Fluorescence emission spectra of the R6G embedded into the silk 
fibroin inverse opals with different thicknesses. Inset of (a) indicates the relation-
ship between the fluorescence emission enhancement and the thicknesses of the 
silk fibroin inverse opals. b, Fluorescence optical microscopy images of the silk 
fibroin film and silk fibroin inverse opals with different layers.  
 
  When a light wave incidents on an object, the light wave could be reflected, 
absorbed or transmitted. In our study, the UV radiation incidents on the samples, 
the absorbed light is utilized to excite the fluorophores, forming the fluorescence. 
Therefore, the ratio of the absorbance is very important in fluorescence emission. 
For the silk fibroin film (the reference sample) which is transparent, most of the 
excitation light is reflected or transmitted, only a small part of the incident light is 
absorbed and utilized to excite the fluorescent molecules (Fig. 6.5a). However, for 
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the silk fibroin inverse opal, most of the excitation light is absorbed and can be 
effectively utilized to excite the fluorescent molecules inside the sample (Fig. 
6.5b). The efficient utilization of the incident excitation light leads to the en-
hancement of fluorescence emission by the inverse opal structure.  
 
Figure 6.5. Schematic illustration of the excitation and emission of R6G in silk 




Figure 6.6. Schematic illustration of the increased surface area factor of silk 
fibroin inverse opal compared with solid silk fibrin film.  
Due to the presence of the air spheres, the total air volume (surface area) of silk 
fibroin inverse opal is increased compared with silk fibroin film without inverse 
opal structure. A simplified physical model is constructed to make a rough esti-
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mated of the ratio of the total surface area of a silk fibroin inverse opal over that a 
flat silk fibroin film, which is given by:    
 = 3.22n                        (6.1) 
Where n is the No. of layers of the silk fibroin inverse opals,  is the radius of 
the air spheres,  is the surface area of hollow silk fibrin sphere, and  
is the area of the projection of one sphere on solid silk fibroin film  (Fig. 6.6). Fig. 
6.5b and c exemplify the silk fibroin inverse opals with fewer and more inverse 
opal layers, respectively. Consistent with the SEM images, there is a silk fibroin 
layer above the inverse opal structure, and this layer is thicker in the silk fibroin 
inverse opal with less layers. As light flux can propagate more freely in air than in 
silk fibroin, the excitation UV light can transmit a longer distance in a silk fibroin 
with more inverse opal layers, therefore, more fluorophores can be excited, 
leading to the increment of the fluorescence emission intensity. From Eq. (6.1), 
the total surface area increases linearly with the No. of layers of the silk fibroin 
inverse opals. This result can explain why the fluorescence emission intensity 
increases linearly with the increscent of thickness of the silk fibroin inverse opals. 
From the experiment result, the slope between the fluorescence emission intensity 
and the thickness of the silk fibroin inverse opals is 2. The difference between the 
calculation and experiment results should be due to the existence of the silk 
fibroin layer above the inverse opal structure. According to the analysis, the 
volume factor has no relationship with the radius of air spheres; as a result, the 
fluorescence enhancement property of silk fibroin inverse opals is not related to 
their lattice constant, consisting with the experimental observations. The overall 
enhancement of fluorescence intensity comes from combination effects of en-
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hanced excitation and increased surface area due to the presence of inverse opal 
structure
173,174
.   
6.3 Experimental 
Sample preparation: 
  The samples used in this study are silk fibroin inverse opals embedded with 
fluorophores (R6G). The fabrication procedure of fluorescent silk fibroin inverse 
opals is similar as described in Chapter 4, the only difference is before casting and 





Fluorescence optical images were captured by fluorescence optical microscope 
(Olympus BX 61) excited by UV light; fluorescence spectra under normal inci-
dent light is also captured by fluorescence optical microscope which is connected 
with a spectrometer (Ocean Optics USB 2000). 
6.4 Summary 
We studied the fluorescence emission of R6G embedded into silk fibroin in-
verse opals. The fluorescence emission can be strongly enhanced by coupling the 
emitters into inverse opal structure. Moreover, the fluorescence enhancement 
increases linearly with the increscent of the thickness of the inverse opals (the NO. 
of layers) with a factor of 2. By adjusting the band gaps of the photonic crystals to 
overlap the fluorescence emission spectrum, the fluorescence emission is inhibited. 
Due to the high promising property of silk fibroin in the field of bio-
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technology
112,175,176
, the combination of fluorescent dyes and silk fibroin photonic 
crystals broaden applications of fluorescent dyes in biological systems. Such a 
fluorescence enhancement and inhibition mechanism controlled by biomaterial 
would be invaluable to the future design in biomedical devices. 
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CHAPTER 7                                                               
Conclusions and Outlook 
7.1 Conclusions 
This thesis aims to investigate the mechanisms and find an effective way to 
mimic of the bi-structural-color reflection. Focus is given to explore the structural 
origin of bi-structural-color reflection for two species of Papilio butterflies. Silk 
fibroin inverse opals with two PBGs are fabricated to mimic the bi-structural-
color reflection effect. 
In Chapter 3, our experiment and calculation analysis reveal that the two spe-
cies of Papilio (P.Ulysess and P.Blumei) butterflies wings exhibit of bi-structural-
color reflection. The blue wing scales of P.Ulysess reflect green and UV light 
which is produced by concavities and ridges respectively. The green color seen 
from P.Blumei is a mixture of yellow and blue colors reflected by the flat portions 
and inclined sides of concavities. By varying the nanostructures and the profile of 
their concavities, the two breeds of butterflies exhibit totally different optical 
properties. Under optical microscope, the flat concavities in P.Ullysess’ wings 
create single color with no polarization effect. The concavities in P.Blumei 
generate a bi-color reflection. Through a bi-reflection process, the blue color 
reflected from the inclined sides of P.Blumei’s concavities undergoes a polariza-
tion conversion. When illuminated with UV-Vis light, P.Ullysess gives rise to two 
reflection peaks. One originates from the concavities, and the other from the 
ridges. These two peaks shift their positions under different illumination condi-
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tions (normal and 45
o
 incident light). On the other hand, P.Blumei reflects similar 
reflectance spectra under these two cases illumination due to the special profile of 
the concavities. The function of nano-complex structures of the black wing scales 
in P.Blumei in light absorption was also discussed.  
The construction of an effective and simple way to produce bi-structural-color 
reflection is the main aim of Chapter 4. The bi-structural-color reflection is 
successfully mimicked by fabricating silk fibroin inverse opals with two photonic 
band gaps. The positions of the photonic band gaps (reflection peaks), as well as 
the separation between the two band-gaps can be simply adjusted by tuning the 
lattice constant of the inverse opal structure or the refractive index of materials. 
The bi-reflection covering UV/visible, UV/NIR, visible/NIR parts of the spectrum 
are fabricated by controlling the lattice constant of silk fibroin inverse opals. The 
bi-structural-color reflection effect of silk-fibroin inverse opals can be made for 
bio-coating materials, tissue engineering and cosmetic applications; due to their 
biological and optical advantages of silk fibroin. By constructing silk based 
photonic crystals on the surface of silk fabrics, the potential applications of 
structural color on eco-dyeing and multi-functional fabrics are also demonstrated 
in this chapter.  
  As discussed in Chapter 4, the two reflection peaks of a silk-fibroin inverse opal 
can be altered by changing its lattice constant, namely the size of colloidal spheres. 
Nevertheless, for a ready-made silk-fibroin inverse opal, tuning the reflection 
peaks is an important issue. We presented a simple and effective approach to tune 
the reflection peaks by external stimuli
 
in Chapter 5. In this regard, we take the 
advantages of the humidity induced cyclic contraction of silk fibroin to achieve 
responsive silk-fibroin inverse opals. Our results indicate that the humidity 
      103 
induced cyclic contraction of silk-fibroin films can be utilized to precisely control 
the optical property of silk-fibroin inverse opals. At high humidity level, the water 
infiltration induced the swelling of silk fibroin shells in the inverse opal structure 
and changes of refractive indices induce a red-shift of the reflection peaks of silk 
fibroin inverse opals. On contrary, the reflection peaks of the silk-fibroin inverse 
opal exhibits a blue shift with lowering of the humidity level. This gives rise to a 
precise tune of the reflection peak of a silk-fibroin inverse opal within a certain 
range. 
  The understanding of structural origin of the two species of Papilio butterflies 
has broad biological implications. And the mimicking of bi-structural-reflection 
using silk fibroin opens up new opportunities in bio-coating materials, tissue 
engineering and cosmetic applications. Especially, the humidity responsive silk 
photonic crystal may find great applications as active color units in the fabrication 
of flexible display media in the future. 
  In Chapter 6, we studied the light controlling property of photonic crystals by 
combining fluorescent dyes into silk fibroin inverse opals. It was found that the 
fluorescence emission can be strongly enhanced by coupling the emitters into 
inverse opal structure. Moreover, the fluorescence enhancement increases linearly 
with the increscent of the thickness of the inverse opals (the NO. of layers) with a 
factor of 2. By adjusting the band gaps of the photonic crystals to overlap the 
fluorescence emission spectrum, the fluorescence emission is inhibited. Due to the 
high promising property of silk fibroin in the field of bio-technology, the combi-
nation of fluorescent dyes and silk fibroin photonic crystals broaden applications 
of fluorescent dyes in biological systems. Such a fluorescence enhancement and 
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inhibition mechanism controlled by biomaterial would be invaluable to the future 
design in biomedical devices.   
7.2 Future work 
  Although we have conducted extensive investigation on the bi-structural-color 
reflection effect, and explored effective way to bio-mimic this effect, there are still 
some work need to be further done to fully apply its advantages to nature and 
industry. 
1: In chapter 3, we discussed the structural colors mixing (double reflection) of 
two species of Papilio butterfly, however, there are more mysterious phenomena 
in nature than we can image. More efforts should be focused on exploring the 
special properties of natural structural color, such as the environmental responsive 
structural color, polarization sensitive structural color, etc.  
2: As discussed in chapter 4, we have applied structural color to silk fabrics. 
However, a thick layer of colloidal crystal needs to be constructed on the surface 
of fabrics to achieve a high structural reflectivity, limiting its light and cozy 
performances. In the future work, try to improve the quality of photonic crystal 
and reduce its thickness need to be considered.  
3. Due to the synthesis process of silk fibroin inverse opals with bi-structural-
color reflection, it is hard to achieve samples with large quantity, limiting its 
industry applications. More effective and simple way need to be invented to 
synthesis bi-structural-color reflection materials in the future work. 
4. In Chapter 5, we successfully tuned the reflection peaks of silk fibroin inverse 
opals by external stimuli: humidity, however, the response is not so obvious. 
Alternative way need to be adopted to achieve response photonic crystal with 
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excellent performance. For instance, PH responsive silk fibroin inverse opals 
could be fabricated by mixing PH sensitive polymers during the synthesis process, 
etc 
5. The mechanisms of the fluorescent enhancement by combing the dyes into silk 
fibroin inverse opals need to further investigated and studied.  
6. More efforts can be devoted to apply the silk fibroin with bi-structural-color 
effect in cosmetics by further improving the quality and quantity of silk fibroin 
inverse opals.7. The biomedical applications of the organic dyes in photonic 
crystals can be further studied by transplant them into tissues. 
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